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ABSTRACT 
The computer aided diagnosis and tuning of coupled resonator filters have been 
an active topic in the filter society for more than ten years. The main driving force to 
the activities is the continuous demand on reducing the manufacturing cost and 
development cycle for various filter markets. Novel analytical filter diagnosis 
technique based on the partial fraction expansions of admittance matrix is proposed. 
The technique is applicable to computer aided filter tuning of a generalized 
Chebyshev filter. The key issue in the proposed technique is the extension of the 
realizability conditions to the asynchronously tuned filter for removing the phase 
loading effect. Using this analytical diagnosis technique, the inherent dispersion 
effects of the resonators and coupling elements are compensated by removable stray 
couplings. A new hybrid approach to synthesizing generalized Chebyshev 
coupled-resonator filter is also proposed. The method combines the advantages of 
both direct synthesis by similarity transformations and numerical synthesis by 
optimizations. 
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論文摘要 
近十年來，微波鍋合諧振腔濾波器的計算機輔助診斷和調試，一直引起人們 
的廣泛關注。基於生産成本的降低和研發周期的縮短所帶來的需求，給這個题丨目 
帶來源源的推動力。本篇論文提出了一種基於導納矩陣部分分式展開的解析診斷 
手段。這種方法，可適用于廣義的切比雪夫濾波器的計算機輔助調試。爲了有效 
地去除相位負載的影響，擴展了非同步調諧濾波器的可實現條件。在這種解析診 
斷中，諧振腔和糊合器件的色散，被锅合矩陣中可消除的元素所補償。此外，本 
篇論文還提出了一種對於廣義的切比雪夫濾波器的混合綜合方法。這種方法，同 
時具有矩陣旋轉的直接綜合方法，以及数值優化綜合方法的共同優點。 
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Introduction 
INTRODUCTION 
1.1 Overview of Microwave Filters 
The development of microwave filters can ascend to seventy years ago, 
commencing from the 1930s. Much of the foundation of modern filter theory and 
practice took place during the period of World Wall II and the years immediately 
following. A historical survey of microwave filter industry was reported in 1984, 
which summarized microwave filter research, design and development in the first half 
century [7]. At the age lack of computation power, it required the development of 
numerical synthesis methods and complicated formulas in analytical manner. A large 
number of design formulas and charts were published in a prominent book, which 
served as a filter 'bible' [6] till nowadays. 
The advent of commercial satellite communications in the late 1960s provided a 
remarkable challenge to the microwave filter industry. In order to improve the 
utilization efficiency of the frequency spectrum and enhance the transponder 
performance, it required high performances of filter characteristics, in term of high 
channel selectivity, high in-band return loss, temperature stability, and so on. 
Moreover, it also demanded technological advances to reduce the mass, volume and 
cost of microwave filters. Therefore, significant improvements had come with the 
1 
Introduction 
innovations in the microwave filters and multiplexer technology, for examples, the 
emergence of dual-mode or even multi-mode filter and the comprehensive study and 
wide implementation of dielectric resonator [8]. 
In 2002, two refreshed surveys on microwave filters were published [9, 10]. The 
numerous advances in the development of filler technology were related to the 
applications that had driven them. The driven forces addressed in [10] included the 
military application, the satellite communication industry, and cellular communication 
industry, from which plenty of demand was raised. It also had shown a continuous 
development in both theoretical filter design methods and the technology used to 
implement them. On the theoretical front, it concentrated on the accurate design and 
exact synthesis of microwave filters with generalized Chebyshev prototype. Recently, 
automatic diagnosis and tuning of filter network also attracted many attentions from 
researchers. On the technical front, the important factors concerned may include ultra 
wide-band, amplitude selectivity, phase linearity，tuning range, power handling, loss 
factor, and reduction of mass, physical size and cost. Hence, realizations of 
microwave filters were not restricted to metallic waveguide, combline, inlerdigilal, 
coaxial and stripline structures. More exotic inventions such as ceramic resonator, 
dielectric resonator, superconducting, MMIC (Monolithic Microwave Integrated 
Circuit), and MEMS (Micromachined Electro-Mechanical System) filters are being 
investigated. Of course, these two directions of filter development are strongly related, 
or some aspects of them are even interchangeable by certain means. As mentioned at 
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the end of reference [10], although microwave filters are often described as a mature 
technology, it can be seen that this is not the case and, hopefully, future applications 
will stimulate further advances in this exciting field. 
1.2 Introduction to Synthesis and Diagnosis of Generalized 
Chebyshev Coupled Resonator Filters 
Microwave filters may be classified into categories defined by their response 
functions, the one incorporating the Chebyshev transfer functions found frequent 
applications for years. The generic features of the Chebyshev transfer functions 
include equiripple-amplitude in-band response and the locations of transmission zeros 
placed at zero or infinity. Therefore, this class is also referred as all-pole Chebyshev 
transfer functions. When one or more transmission zeros are introduced into the 
stop-band at finite frequencies, this filter is known as a generalized Chebyshev filter. 
The ability to build in transmission zeros at finite frequencies can improve the 
close-to-band rejection slope in term of high selectivity, and/or enhance the linearity 
of in-band group delay. 
Nowadays, the design of microwave filters is largely commenced from a 
lumped-element low-pass prototype [9]. This dependence requires an accurate 
numerical model based on full wave analysis to be developed upon the filler physical 
3 
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Structure. An account of the equivalent circuit model of generally coupled cavities 
was given, which described how Maxwell's equations can be replaced by an 
equivalent infinite system of algebraic inhomogeneous equations. However, if the 
frequency band of interest is narrow, so that each cavity can be treated as a single 
resonant circuit with multiple couplings to other cavities, the equivalent circuit model 
can be reduced to that shown in Fig. 1.1 [5]. This coupled resonator model is a 
fundamental theory in this thesis. More details will be given in later sections. 
Ml,I • — M2,n . � � 
厂 、 
1:ni 1F 1F 1F 0211 
o o 
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� M i 2 乂 \ M 2 . 1 ^ � � M i . n — 
— — " 
Fig. 1.1. Equivalent circuit model of n-coupled resonators. 
In a word, the synthesis of generalized Chebyshev coupled resonator fillers refers 
to a process, relating the admittance matrix of n-coupled resonator network to 
generalized Chebyshev filtering function with pre-described transmission zeros at 
finite frequencies. Then, a coupling matrix corresponding to coupling elements in 
n-coupled resonator network is obtained, with a concomitant transformation of 
coupling matrix to a physically realizable structure. The pre-described transmission 
zeros at finite frequencies and the in-band equiripple level are given parameters to be 
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synthesized. The coupling matrix is final result and ready to be implemented in 
physical filter structure. 
Reversely, given the simulated or measured scattering parameters of physical 
filter structure, the diagnosis of this filler refers to a process, recovering the coupling 
matrix, according to the topology it realized. From recovered coupling matrix, the 
current coupling status corresponding to simulated or measured scattering parameters 
are known. By comparing the designed circuit model (i.e. coupling matrix) against the 
diagnosed one, the adjustment of tuning elements in physical filter structure can be 
carried out. Therefore, filter tuning is essentially an iterative process of filler 
diagnosis. 
1.3 Original Contributions 
The original contributions of this thesis include: 1) the realizability conditions of 
the synchronous tuned filter [4] are extended to the asynchronous tuned filter. 2) The 
phase loading effect is removed by the proposed method without extra calibration. 3) 
A novel analytical filter diagnosis technique based on the partial fraction expansions 
of admittance matrix is proposed. And finally, 4) a hybrid synthesis approach is firstly 
introduced by combining the direct synthesis by similarity transformations and the 
numerical synthesis by optimizations. 
5 
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1.4 Thesis Organization 
The thesis begins with a chapter on the review of microwave filter industry and 
brief introduction of synthesis and diagnosis of generalized Chebyshev coupled 
resonator filters. The original contributions and organization of the thesis are also 
listed. The fundamentals of exact synthesis theory are given in chapter two, which are 
necessary background knowledge for understanding the contents in following 
chapters. Then, an analytical diagnosis technique of narrow-band coupled resonator 
fillers along with the extension of realizability conditions and the removing of phase 
loading is documented in chapter three. A tuning of six order dual-mode filler 
employed this diagnosis technique is also included in this chapter to demonstrate the 
validation of it. Furthermore, a hybrid synthesis method combining the analytical 
direct synthesis by similarity transformation and the numerical synthesis by 
optimizations is then presented in chapter four. Finally, the conclusion of this thesis is 
given in chapter five. 
6 
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FUNDAMENTAL THEORY 
2.1 Generalized Chebyshev Polynomial 
In order to design high performance microwave filters, the transfer function of 
such kind of filters is usually defined by some typical characteristic functions, such as 
Butterworth function, generalized Chebyshev function and Ellipse function. The 
ability to adopt transmission zeros at finite positions along frequency axis 
distinguishes the Chebyshev characteristic function from the others. The Chebyshev 
low-pass characteristic in Fig. 2.1.1 may be specified mathematically as 
S A J c o f = - ， � (2.1.1) 
\ + £- -Clico) 
where 
CN {(O) = cosh[AA cosh"' {co)\ (2.1.2) 
and e is defined by the in-band ripple level. 
By simple inspection, the following conditions are satisfied for a Chebyshev 
response: 
Cn (co) = 1, when |<5；| = 1 
Cf^ {co) < 1, when \co\ < 1 (2.1.3) 
CN {CO) > 1, when 丨^；丨 > 1 
and the response of equation (2.1.2) is plotted in Fig. 2 .11 for N = 6. 
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Fig. 2.1.1. A Chebyshev low-pass characteristic. 
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Fig. 2.1.2. Response of C^ (co) in equation (2.1.2), N = 6. 
In this case, the zeros of transfer function are all located at infinity. Therefore, 
this transfer function is referred as all-pole Chebyshev function, and Cj^{co) has a 
form of the pure Chebyshev characteristic. 
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The ability to locate one or more zeros of transfer function from infinity to finite 
position along frequency axis can give a sharper cutoff at the edge of pass-band and 
higher selectivity. Therefore, the equation (2.1.2) can be reformed as 
-N “ 
(CO) = cosh cosh-'(x J (2.1.4) 
where 
(2.1.5) 
L-CO/CO,, 
and CO,, is the nth transmission zero of transfer function. 
Using the conservation of energy formula for a lossless network 5",", + S^ ^ = 1, 
the transfer and reflection functions of two-port lossless filler network composed of a 
series of N inter-coupled resonators may be expressed by a ratio of two Mh degree 
polynomials 
^ ⑷ ( 2 . 1 . 6 ) 
^aEf^ico) S'E^ {co) 
where 
C , � = 禁 （2.1.7) 
P A � � 
e = I 1 .歷 (2.1.8) 
V l O 拟 “ 丨 F 錢 。 — - 、 
s,^ =1 when nj, < N, (2.1.9) 
£ 
= I when rif- = N, fully canonical case (2.1.10) 
V ^ ' - l 
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and nj- is the number of finite-position transmission zeros that have been prescribed. 
For a realizable network, vif- must be no more than N. sr is unity except for fully 
canonical filtering functions, where all the transmission zeros are prescribed at finite 
frequencies, i.e. nj： = M e is a constant normalizing Sj^ {co) to the eqiiiripple level at 
6^> = 土1. RL is the prescribed Return Loss in dB, and it is assumed that the 
polynomials ⑷ ， a n d P^{co) have been normalized to iheir respective 
highest degree coefficients. Both (co) and F^(co) are Mh degree polynomials, 
N is the degree of the filtering function, whereas P^ {co), which contains the 
finite-position prescribed transmission zeros, is of degree n/-. 
The aim now is to relate equations (2.1.4) and (2.1.7) to find the coefficients of 
polynomials in the variable co. 
With and b „ = { x l - \ r 
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CN(⑴、 
-N _ 
=cosh [ c o s i r丨 O J 
-"=1 _ 
“N -
=cosh Y j f i ( a , ’ + b , ) 
1 � W N _ 
=T e x p ( Z + b„)) + exp(-；^Ma丨丨 +b„)) 
丄 L /»=! «=i _ 
— 
1 N 1 
n ( “ � + 办 
n … 
- "=i -
- N ‘ 
1 N n (口办〃） 
_ /»=1 H = 1 _ 
“ N _ 
1 N 
- "=i _ 
=去 f l K + ^ J + f l K - ^ J 
L"=丨 "=• � （2. i .n) 
with = 
n=\ 
Now substitute "„=a ' „ ’ 办,,=(X; - 1)丨"and = … 
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二 丄 + ( ( ⑴ - 1 、 ” — 1 ) 1 / 2 ) 
2 L \-CO I CO,, \-col co„ 
N=\ \-C0/C0„ \-CO/ CO 丨, _ 
=丄 [ f f((一"份"+(⑴-1/⑴"_|y/2 .(出-1/⑴"+1)1/2) 
2 [ \ - col CO" \ - ( d / X - c o l CO丨 1 
+ - 1 〜 ' — (⑴ - 1 /約 ,一 .(⑴ 
7,=| \-col co,^ \ — col co„ \-col co,^ _ 
=丄 —IZ � " I ( � - 1 / � , , _ 1 + � / 叫,）l/2 ( � - 1 / � , , + 1 — � 
2 I, J \-col CO^, \ — Col \-COl CO,� 
, A , ⑴ - 1 / 份 “ , ⑴ + ,出-1/⑴“+1-…/ 出"、1/2、 
+ Y J ( ) . ( ： ； ) ) 
„=1 \-C0/ CO,� \ - col CO" \-CO I CO,, 
C0-\/C0„ I ( r一 1)1,2(1 + 1/出“广 2 ( � + 1 ) " 2 ( 1 - 1 / � 
y \-colco,r {\-colcoJ'^ {\-colcoJ" _ 
一 1 [行 (⑴— 1 /⑴ , , I (⑴ 2—1)丨/2(1一"⑴ 
2 [ 0)1 CO,, \-CO I CO,, 
I ^^co-Mco ,^ ( � 2 — � 
=丄 JId 
一 2 A 
f l ( ( � — 1 / � J — ( � 2 _i)i/2(i — 1 / 力 1/2) 
+ ^ 
N 
,1=1 _ 
-N N ‘ 
,n(�+"")+n(c�-"") 
_ 丄 JM ^ 
_ "=1 _ 
(2.1.12) 
where 
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c,, =a)-\/co" 
d„ =co\\-\lcol)"' (2.1.13) 
It can be observed that the denominator of {(o) is the numerator polynomial 
of iS",, (CO), Pn ((…，generated from the prescribed transmission zeros co„. 
However, the numerator of C^ (co) is the numerator of 5",, (co), F^ (co), which 
can be solved by following recursive method. Let 
F,icD) = ^ [G,{co) + G,{co)] (2.1.14) 
where 
：丨 （2.1.15) 
and 
G,{co) = U,{co) + V,{co) (2.1.16) 
where 
U f j (co) = Ur. +ll,0) + u.co^ +••• + ll^CO^ " ° I 2 " (2.1.17) 
Vn(CO) = + + V2C0^ +"• + �&> ) 
The recursion cycle is initiated with n = I, the first prescribed transmission zero 
0 ) 1 . 
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c;丨⑷ 
= c丨 +今 
, 1、 1、丨/) (2.1.18) 
= U,ico) + V,ico) 
next, 
=G, (CD) , [c2 + dj 
1「 1 1 (2.1.19) 
=U,{co) + V,{co)\ {CO——)+ 6；'(1-—) 
COj CD； 
= U,{co) + V,{co) 
where 
"2 {(o) = C0'U, (co) 一 ^ ^ ^ + -co'-V, (co) 
CO. CO； 
2 2 (2.1.20) 
V, {co) = CO- V�(co) - ^ ^ + (1 — ~^-Y'- -co'-U, {co) 
" CO2 CO2 
Again, allocate terms purely in cdXo U2(co), and terms multiplied by co' to ¥2(0)). 
Then, the cycle may be repeated until all N of prescribed transmission zeros 
(including those at co„ = 00) are introduced, i.e., {N — 1) cycles. 
Similarly, the same recursive process is applied to G ^(cd). By observing the ‘+， 
t 
and signs in front of co' in Gn(co) and Gn(co), we have 
G'n {CO) = M + 
and 
(2.1.21) 
U'N {co) = U,{co) 
Vn (co) = -V,{a)) 
Therefore, 
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FA^) 
= + (^)] (2.1.22) 
Now, the reflection zeros of S^^{co) may be found by rooting U^i(co). 
Recalling the equation (2.1.6), the roots of E^ (s) may be solved by the 
following equations 
� I + � I = 1 or S, I � • � + I � . 5 ； , � = 1 
(厂“⑴ ) 2 + (尸A^ � y~ =1 (2.1.23) 
… A � £••五;v� 
Elis)\ = \iF,is)/8,f\ + \iP,(co)/sf 
where, the roots of E � � s ) must lie on the Left-Hand-Side of /a> axis in complex 
s-plane (also known as Hurwitz). An example of distribution of roots of 
polynomials ⑴， F a , � and P^ (s) in complex s-plane is demonstrated in Fig. 
2.1.3. 
In general, the positions of prescribed transmission zeros, namely, the roots of 
PN i^) must be symmetric about the imaginary (Jco) axis of complex plane. Moreover, 
all of the roots of Ff^(s) are located on the imaginary (Jco) axis. With these rules, it 
ensures thai the coefficients of P^^ {s) and F^ (.v) will alternate between purely real 
and purely imaginary as the power of the variable s increases. Well, the coefficienls of 
EN (s) will be complex generally. 
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〜 0 ) 
Roots ofE(s) 一 o ；! ^ ^ ^ Roots of F{s) 
o 
CT 
• 
o 
<g) <g> 
o :: \ 
Roots of 尸⑴ 
o ；： 
o 
---J 
Fig. 2.1.3. An example of distribution of roots. 
Further expand the equation (2.1.23) 
咖 ） = + JF,{s)/^,)-{P,{s)/s -JF,{s)/c,) 
(2.1.24) 
The 2xN roots of Ejj (s) are plotted in Fig. 2.1.4, symmetrically located about the 
imaginary (jco) axis. While, the N roots of E^^is) are picked up from the 
Left-Hand-Side of the imaginary (Jco) axis simply. Here comes an alternative method 
to find these N roots. By inspecting another plot in Fig. 2.1.5, either the N roots of 
[PfAs]!s + j F N �S ) I S R � o r {P入s)ls 一 j F^ {s)l£,^) can be selected. Simply 
adjusted the real part of them, the N roots for (s) can be obtained then. 
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Fig. 2.1.4. The 2xN roots of EI{s). 
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Fig. 2.1.5. The A^  roots of + J F,{s)/s,) 
And the N roots of {s)/€ - J {s)/£,) . 
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In order to complete the unitary conditions of the scattering matrix, one more 
equation must be mentioned here 
(2.1.25) 
It suggests that S^^(s) and Sj^is) should maintain a 90® degree phase difference 
(orthogonal of each other) for a lossless network. 
If and , 
Sn 1. 1.0.Z(一没2) + g 满 - ⑴ ) = 0 (2.1.26) 
It suggested thai 
0, -0,=兀丨1 (2.1.27) 
Therefore, it is necessary to multiply / � � or F^ {s) (usually � ) b y / when the 
difference of jY - n/： is an even number. 
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2.2 Cross Coupled Resonator Network 
The advent of cross-coupled resonator network turned a new page to the 
development of modern filter synthesis, which was first introduced by Dr. Atia el al. 
[4, 5] and later generalized by R. Cameron [1]. Fig. 2.2.1 shows a cross-coupled 
resonator network with source/load impedances. 
Ml,l M2,n 
IF 1F IF IF 
VW ~Ih^ I  
Ri —‘ I J —_ I J _ ^ I J ____ 
@ e, ‘ 5 1 C./2H '' 5 U u in I 
1/2 H J C 1/2 H J C 1/2 H J c ^ 
(1) (2) I (i) (n) 
V Ml 2 " ^ M 2 . , — � M , , n 
、 一 一 一 乂 
Fig. 2.2.1. Cross-coupled resonator network with source/load impedances. 
The loop equation of above network is derived as 
M = [ • (2.2.1) 
0 u 
e, . 4 / M + ^ I + R]- ： (2.2.2) 
_oJ k . 
where [M] is the N x N reciprocal coupling matrix, [RJ is an N x N matrix with 
all entries zero, except Ru = Rj, and RMN =凡v, and [I] is the identity matrix. 
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^11 ^12 ^13 ... M\�N_\ h4�N ‘ 
^21 ^22 ^23 … … 仏’“ 
M] = 33 
… ... … ... ... ^ N-1,N 
… ... ••• ••• ^ N-\,N-\ M N—\’N 
_ … … … Mn�N-I _ 
(2.2.3) 
In order to find the short-circuit admittance of coupled resonator network, put 
s = jco, = 0,and R^^ = 0(i.e.’ R = 0) in the loop equation: 
L/M + 5/]-' . [jM + si] • [/, …/•„ ]' = [jM + sir' A [1 0 …0:1' 
厂 "。 ' = [ . /似 + […0...0]' 
少 2丨⑷ =’ =[/似+ 
6�"i’/�v=0 
(2.2.4) 
and similarly (by altering the source voltage at the other terminal of the network): 
； = — + (2.2.5) 
�«i , / fv=0 
Since the coupling matrix [M] is real and symmetric about its principal diagonal, 
all of its eigenvalues are real. Thus, an N x N matrix [T] with rows of orthogonal 
unit vectors exists, which satisfies 
-M = T'A-T' (2.2.6) 
where 
A = (2.2.7) 
T.r =I (2.2.8) 
and A" are eigenvalues of [-M] and [Tf is transpose of ,77. Consequently, 
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[jM + sI]-' =[-jr AT' 
7’". r _ _ L _ _ _ L _ i t ' (2-2.9) 
卜 . M l 卜 A 
Therefore, 
[jM^-slX； / J = l ,2,3’…” (2.2.10) 
Now, substitute (2.2.10) into (2.2.4) and (2.2.5), it yields 
n nr nr 
少21⑴= 
" ' ' - A (2.2.11) 
n 7^ 2 
少22⑴= 
Ar=l S - J A,, 
Here, Tik and TNK are the first and last row of the orthogonal matrix [T]. These 
two rows should be orthogonal. 
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2.3 NXN Coupling Matrix Synthesis 
The procedure in this section is dedicated to the synthesis of the coupling matrix 
of a coupled-resonator network from the desired electrical performance expressed in 
the transfer and reflection functions derived in the previous section [1]. 
A two-port lossless filter network is shown in Fig. 2.3.1, which is excited by a 
voltage source with internal impedance Ri on the LHS (left-hand-side) and terminated 
with a load impedance RN at the RHS (right-hand-side). 
_ w \ A / o— —o 1 
r b ) R 丨 [凡 I y, 
V -少2, ；V f “ 
o— ~~o 
Fig. 2.3.1 A two-port lossless filter network. 
Mulli-coupled resonator network is represented by admittance matrix [y'], 
in i 丨 1:"丨 "2:1 」！ 
[• a HD" 
I Z ^ ^ Z I Z I ^ — J 
3^11 少 12 "I = ^^y'u 少 P_ 
• v � � � L ^ i � r i l y ' i i _ 
Fig. 2.3.2. An alternative network 
with transformers to give unity-terminating impedance. 
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In order to normalize the impedance level of the network, two transformers arc 
used to give unity-terminating impedance at the source and the load, respectively as 
shown in Fig. 2.3.2. Actually, the network shown in Fig. 2.3.1 is the same as those in 
Fig. 2.2.1. Both of them represent a coupled-resonator network. Moreover, the 
network in Fig. 2.3.2 is essentially identical to them as well. 
Consider the driving point impedance in terms of its short- and 
open-circuit parameters: 
Z 丨丨⑴=〜[1/少 22 + / ^ = � [ l / ) � 2 + l] (2.3.1) 
Z 2 2 + � ^22+1 
with the conditions that RN is normalized to IQ as shown in Fig. 2.3.2. 
Also, may be expressed in terms of 5",,(5) as 
Z , , � 二 哪 训 (2.3.2) 
1-5•丨丨⑴ 
Note that the ± sign in above equation refers to different input coupling type, 
inductive or capacitive. Any choice is acceptable from synthesis point of view. 
Moreover, in following discussion, the coefficient ER has been absorbed into F^ (.v) 
to simplify the expression. The equation (2.3.2) can be further expressed as 
Z , , � = = ” (2.3.3) 
L{s) - r {s) m^ + rij 
where (w；, m � a n d (ji“ n2) are complex-even and complex-odd polynomials, 
respectively, which are all constructed from {s) and F^ (.v). 
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If the order of E^ (s) and F^{s) is even 
Z , , � = z 丨丨["少 2 2 + 1 ] = '乃丨丨 =如“丨 + 1 ] (2.3.4) 
Z22 + 1 /??2 + /72 Wj + 
which implies, 
"I 
少 22 = — 
P 、 / ( 2 - 3 . 5 ) 
少21 — 
W丨 
considering that 少刀 and y22 share the same denominator, and y2i shares the same 
numerator of S2J. 
If the order of E^^is) and is odd 
Z 丨 I � = " 丨 丨 = ¥ " 丨 = 爪 丨 [ — 丨 + 1 ] (2.3.6) 
2,2 + 1 W, + in 2 + "2 
which implies, 
/77| 
；^22=— 
n, 
P 、 / ( 2 - 3 . 7 ) Pis)/ £ 
少 21 = 
and 
+ /7, = E{s) + F(s) / Sr 
m, = Re(t;o +/o) + jIm(e丨 + j \ R e ( c � + . , 2 ) ? + . . . (2.3.8) 
= j I m O o + / o ) + R e O i + f ^ ) ' S + j 1111(^2 + ./2) • + ... 
where e, and f], i = 0, 1, 2, 3 ... N are the complex coefficienls of E^^ {s) and 
24 
Theory 
The process introduced here can ensure that both w/ and n! will have pure real or 
pure imaginary coefficients, alternatively. Since the coefficients of s^ in E�,(力 and 
FN {S) are 1, the common denominator of 力/ and y22 is of degree N. The procedure 
also ensues that the degree of numerator of y22 and y2i is less than N, and the degree of 
numerator o^y2i is less than N {N> n/：). 
Apply partial fractional expansion to either equation (2.3.5) or (2.3.7) 
二' ‘ 一 J ‘ (2.3.9) 
k=] s _ J入 k 
The idea now is to relate the j^-parameters yj i and y22 derived from the 
S-parameter polynomials in the equation (2.3.9) to the 少-parameters yj i and 
expressed in the elements of the coupling matrix of coupled resonator network in the 
equation (2.2.11). Therefore, 
N 7-2 n „ 
丨 ' 一 八 “ 丨 卜 八 (2.3.10) 
N T T ^ V 
A-=l S 一 k=\ S - J^k 
This shows that the eigenvalues A女 of [-M] are also the roots of the common 
denominator polynomial of both y2j and y22. Moreover, the first row Tik and the last 
row Tnk of the orthogonal matrix [T] can be solved by equating the residues of 少刀 and 
25 
Theory 
y22 with 7•丄 and ,respectively, at corresponding eigenvalue pole 义人. 
]Nk -小、2k 
= ^  (2.3.11) 
i Nk V 厂22" 
介= 1，2，3,..." 
where O/A- and r22k are the residues of 少刀 and y22, determined from the partial fraction 
expansion (2.3.9). 
The turn-ratios of transformers n j and n � i n Fig. 2.3.2 may be found by scaling 
the magnitude of the row vector T/k and Tm： to unity for the network 
"f = R � : f j \ l 
二， (2.3.12) 
k=\ 
then 
T - T\K 
- — 
N, 
1 (2.3.13) 
T' — Tm 
】M 一 
"2 
With the first and lost row of [T'J (the dashed [T] refers to the coupled resonator 
network shown as a box in Fig. 2.3.1) determined, the remaining orthogonal unit rows 
of [ T ] may be constructed by the Gram-Schmidt orthonormalization process or its 
equivalent (the Gram-Schmidt method is briefly outlined in section A.l of Appendix 
at the end of this thesis). 
Finally, the coupling matrix [M] is synthesized by —M = T • as it defined 
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in the equation (2.2.6), where 八 = a n d [T] is the matrix 
obtained by the Gram-Schmidt orthonormalization process. 
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2.4 Similarity Transformation 
The elements of the coupling matrix [M] obtained from the synthesis procedures 
in previous section will, in general, all have non-zero values. As this is clearly 
impractical, a series of similarity transformations (also named matrix rotation) will be 
applied to annihilate some elements in the coupling matrix. The electrical properties 
of network represented by the new coupling matrix should be exactly the same as the 
original [1]. 
The similarity transformations of an N ^ N coupling matrix [M] is 
mathematically defined as: 
= ( 2 . 4 . 1 ) 
where [Mo] is the original matrix, and [Mi] is the matrix after the operation. The 
rotation matrix [R] is defined by: 
1 r n 
2 i 
• ••1 Cj" "Sp 
... 1 
j Sr Cr 
... i 
N 1 
c,. = cos0,.，s,. = s in 6,. 
( 2 . 4 . 2 ) 
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The rotation matrix [R] is an identity matrix, except that the elements 
= = cos and R丨丨=-R丨丨=sin ，where [i, j] is the pivot of this rotation and 
is the angle of this rotation. 
Without losing the generality, a 5th degree coupling matrix is tabled to 
demonstrate the properties of the similarity transformation at pivot [2, 4] of angle 0丨.. 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
1 1 Mil MI2 MI3 MI4 MI5 1 
2 Cr -Sr M21 M22 M23 M24 M25 Cr Sp 
3 1 X M 3 1 M 3 2 M 3 3 M 3 4 M 3 5 X 1 
4 Sr C r M 4 1 M 4 2 M 4 3 M 4 4 M 4 5 - S r Cr 
5 1 M 5 1 M 5 2 M 5 3 M 5 4 M 5 5 1 
c,. = COS <9,. ’ •V,. = sin 6,. 
\ f V 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
1 1 M i l M i 2 M i 3 M i 4 M i 5 M il M ' i 2 M ' i 3 M ' i 4 M ' i 5 
2 Cr -Sr M 2 1 M 2 2 M 2 3 M 2 4 M 2 5 M 21 M 22 M 23 M 24 M 25 
3 1 X M31 M32 M33 M34 M35 = M，3i M 32 M,33 M'34 M’35 
4 S r C r M 4 1 M 4 2 M 4 3 M 4 4 M 4 5 M ’ 4 i M ’ 4 2 M 4 3 M ' 4 4 
5 1 M 5 1 M 5 2 M 5 3 M 5 4 M 5 5 M ’ 5 1 M ’ 5 2 M ’ 5 3 M ' 5 4 M ' 5 5 
where 
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似12 =似12 . 
, = = M，、 M,, = 32 -3 
, M34 = A/34 
^22 = = cMii-^Mu , , “ , , 
u , , ^44 + ^ M 
(2.4.3) 
� / 
V 
1 2 3 4 5 1 2 3 4 5 丨 2 3 4 5 
1 M'ii M'i2 M'i3 M'i4 M'I5 1 M"ii M " | 2 M " I 3 M " I 4 M " I 5 
2 M 2 1 M'22M'23 M'24 M'25 Cr Sr M”2l M’’22 M”23 M”24 M’’25 
3 M’3i M’32 M’33 M’34 M’35 X 1 = M”3l M’’32 M’’33 M,’34 M’’35 
4 M ' 4 1 M 42 M 4 3 M ’ 4 4 M 45 -Sr Cr M ’ 41 M ” 4 2 M’’43 M ” 4 4 M ^ j s 
5 M 5 1 M 5 2 M 5 3 M 5 4 M 
55 1 M 51 M 52 M 5 3 M 54 M 55 
where 
M;�=^23 = S,.M'22 +。•似；4 
MM 
Ks = K 
(2.4.4) 
N / 
V 
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c丨M23 - Ml, = M,, ( c ; - s；) + (M,, - M , , ) 
-^Mas M], = + 2s,.C,M2A + 
从；4 = ‘、-似 
似 = ‘、.从 25+。,.似45 
(2.4.5) 
Therefore, only the elements that exist on the rows and columns of the rotation 
pivot have changed, i.e., rows/columns 2 and 4 for the pivot at [2, 4] in this example. 
In general, summarizing from the equation (2.4.5), the following formulas can be 
derived: 
M^k = c’.Mik - Ik for the kth element in row i 
M …=s凡k + ,k for the kth element in row j 
M 々 ， = - for the kth element in column i 
M^j = SpMk丨 + c^M^j for the kth element in column j 
and 
cross - pivot elemnts : 
(2 4 7) 
M�:i丨=slM"+2s 丨.c 凡丨丨 
Also note that the coupling matrix [M] is symmetric about its principal diagonal, i.e., 
Mij = Mji. 
The following properties of similarity transformation are always preserved, if it is 
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applied to the synthesis of coupling matrix: 
• The eigenvalues of the coupling matrix [M] after the transformation are exactly 
the same as those of the original, which means that an arbitrarily long series of 
transformations with arbitrarily defined pivots and angles may be applied. The 
resultant matrix will yield exactly the same performance and electrical properties 
as the original coupling matrix. 
• Only those elements in the rows and columns i and j of the pivot [i, j] may 
possibly be affected by a transformation. All others will remain at their previous 
vales. 
• If two elements facing each other across the rows and columns of the pivot of a 
transformation are both zero before the application of the transformation, they 
will still be zero after the transformation. 
Therefore, the idea here is to use similarity transformation to annihilate specific 
elements in the coupling matrix. For instance, to annihilate a nonzero element M15 
(and simultaneously M51) in the coupling matrix of previous 5th order example, a 
transform of pivot [3, 5] and angle G丨.=-tan''(Mi5/Mi3) may be applied lo the 
coupling matrix. After the transformation, M 15 and M 51 will be zero and all values in 
rows and columns 3 and 5 may have changed, consequently. 
It can be derived from the equation (2.4.6) and (2.4.7) that the rotation angle 0,. 
may be chosen according to the following formulas in order to annihilate any specific 
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elements in the coupling matrix: 
6,. = tan"'(M,於!^,k) far the kth element in row i (M,人.) 
0^=- tan"' (M,左 / Mik) for the kth element in row j (M,人.) 
= tan"' (M务，/ ) for the kth element in column i (M介,) 
6,. = - tan"' (M幻 / ) for the kth element in column j (M人) 
( 2 . 4 . 8 ) 
M " 土 •JM,卜 
= - tan ( ： — ) f o r cross-pivot elementM^. 
从“ 
1 , 2M, 
=——tan ( ) f o r cross-pivot elementMI丨 
2 M“-M丨丨 
1 -M丨丨土•JM,) —M丨丨M丨丨 
= - t a n ( ~M. —) for cross- pivot elementM丨丨 
( 2 . 4 . 9 ) 
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2.5 N ~\~2 Transversal Network Synthesis 
The N xN coupling matrix synthesized in previous section can contain a 
maximum oi�N-2 finite-position transmission zeros prescribed. An updated method [3] 
is presented in this section for the synthesis of the fully canonical or N+2 folded 
coupling matrix with following advantages as compared with the conventional 
NxN coupling matrix: 
拳 The N+2 coupling matrix has an extra pair of rows top and bottom and an extra 
pair of columns left and right surrounding the core NxN coupling matrix, 
which carry the input and output coupling from the source and load terminations 
to resonator nodes in the core matrix. 
• Fully canonical filtering function, i.e. Mh degree characteristics with N 
finite-position transmission zeros may be synthesized. 
參 This method is actually simpler to derive than those for the N x N coupling 
matrix, not requiring the Gram-Schmidt orthonormalization process. 
However, the synthesis of the N + 2 transversal coupling matrix takes similar 
approach as for the NxN coupling matrix. Derive ^/-parameters from ^-parameters 
transfer and reflection polynomials, derive ；^-parameters from transversal network, 
and equate to find element values in transversal coupling matrix. 
Therefore, the partial fractional expansion form in the equation (2.3.9) can now 
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be slightly modified as 
- | " � h i ⑴ 々 ⑴ J ( 2 . 5 . 1 ) 
. 「 0 K , ] ^ 1 「厂丨丨* =] + > 
‘ 0 」 t { 卜 J 入 1 / 2 1 * '22A-. 
where the real constant KQ = 0 except for the fully canonical case, where the number 
of finite-position transmission zeros is equal to the filter degree N. In this case, the 
degree of numerator of y2i(s), P(s)/e is equal to the degree of its denominator, N. 
Therefore, Ko has to be extracted out first to reduce the degree of numerator by one 
before the residues r2ik can be evaluated. 
The coefficient of the highest degree in the numerator of y2i(s) is j'/s, and the 
coefficient of the highest degree in its denominator is \ + \ / s,^. Therefore, the value 
of KQ may be: 
/ ： 。 = 丄 ！ = I z l h j L (2.5.2) 
£ 1 + 1/f/^ £ \ + � 1 + 1 / � 
which is for fully canonical network only. Otherwise, KQ = 0. 
The general form of a transversal network is shown in Fig. 2.5.1. It comprises a 
series of " individual resonator, connected in parallel between the I f l source and load 
terminations. The direct source-load coupling MSL is included to allow fully canonical 
transfer function to be realized. The admittance matrix [Y] of this network is also 
synthesized. 
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N 
N- 1 
• % . • 
k 
2 
1 
S O o o OL 
(a) A^-resonator transversal network including direct source-load coupling Msi, 
o ^ o 
Msk Q - i Jh � . 
o X o 
(b) Equivalent circuit of the kth resonator in the transversal network. 
Fig. 2.5.1. Transversal Network. 
Evaluating at infinite frequency {s = ±jco), all the capacitors Q become parallel 
short-circuit, which appear as open-circuit. So the only path between source and load 
is via the frequency invariant admittance MSL- Therefore, 
C _ ( 2 . 5 . 3 ) 
Ms丨 
Also, at infinite frequency, 
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e 一 F ( . / o o ) / �— 1 
一 ~ 厂 广 • 、 ~ - — 
= (2.5.4) 
E(jco) E 
Me � 1 ± 1 / � 
It can be derived that the A BCD matrix for the kth resonator in the transversal 
network is: 
^ 万1 = _ 似 从 ’ M 讯 M 丨 K 5 5) 
Lc D 丄-一 0 ^ 
_ M 丨乂 _ 
which may be converted to 少-parameter matrix as: 
r ^ 1 
.L少2丨“"0 ； S C , + J B , 1 ^ “ 、 
1 r Mi M具： 
~ Ml, 
From the circuit point of view, the admittance matrix [Y] of the transversal 
network is: 
[},] f o 1 [ Ml 
WsL 0 � t x s C k + j B ^ M L k M l � 
As stated before, y2i and y22 expressed by partial fractional expansion form in the 
equation (2.5.1) are equated to those in circuit elements form in the equation (2.5.7) as 
the following: 
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^SL = 
= 1 and Bk = M 以.=-A" 
MsiM,‘k=f\u< = > 似 ‘ 4 = 厂 二 
Then，the elements of transversal network are put in the following matrix: 
S 1 2 3 k .. N-1 N L 
S 丁丨丨 TI2 TI3 .. Tik .. TI,N.Tin KO 
1 丁丨丨-A-I TNI 
2 TI2 -X,2 Tn2 
3 丁13 -A,3 T N 3 
• • • 
K Tik TNk 
• • . 
• • . • . . 
N-1 TI’N. -Xu-\ Tn,N 
N Tin TNN 
L Ko TNI TN2 TN3 .. TNI； •• 丁N，N]NN 
(2.5.9) 
The similarity transformation introduced in previous section may now be applied 
to rotate the coupling matrix of transversal network to a realizable network. 
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2.6 Example 
A. N X N Coupling Matrix Synthesis 
A seventh degree two-port asymmetric filter is synthesized according to the 
procedures outlined in this chapter. The design parameters include 23 dB Return Loss, 
and 3 prescribed transmission zeros at +/-0.9218-j0.1546 and +j 1.2576. 
With knowledge of the position of the three transmission zeros, the polynomial 
and EN (S) may be constructed by the methods presented in section 2.1. The 
i'-plane coefficients of these polynomials are given: 
TABLE 2.6.1. Seventh Degree Asymmetric Filler: Coefficients of Transfer and 
Reflection Polynomials. 
s" Polynomial Coefficients 
n^ Pn(S) (S) \EN(S) 
0 j 1.0987 -iO.QQSl Q.1378-j0.1197 
1 -0.4847 0.0793 0 .8102- j0 .592^ 
2 ~ ~ -jO.9483 ^ 1 8 6 1 2.2507-j 1 . 3 3 4 ^ 
3 ~ ~ 1 0.7435 3.9742-jl.785T~ 
4 ~ ~ -jQ.5566 4.6752-j 1 . 6 5 1 ^ 
5 1.6401 4.1387-10.9326 
6 -jO.3964 2.2354-10.3961 
7 I |l |l 
where the normalization constant £ = 6.0251 and � = 1 . 
With the polynomials of transfer and reflection function, the coupling matrix may 
be synthesized by the method described in section 2.3. 
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TABLE 2.6.2. Seventh Degree Asymmetric Filter: Coupling Matrix before 
Application of Reduction Process. 
1 2 3 4 5 6 7 
1 0.0211 0.5129 -0.3738 0.4352 0.4378 0.0729 0.0000 
2 0.5129 " ^ . 7 7 7 2 0.0786 0.3129 0.3818 0.2990 0 . 3 3 ^ 
3 - 0 . 3 8 3 7 ~ B . 0 7 8 6 - 0 . 6 3 0 1 -0.0562— 0 . 1 4 5 4 0 . 3 0 8 5 0 . 5 4 6 0 
4 0.4352 ~Q.3129 -0.0562 0.4044— -0.0600 “ 0.0745 -0.4021 
5 0.4378 1.3818 O.HsT" -0.0600 -0.1326 0.2952 0 . 4 5 3 ^ 
6 0.0729 ~Q.2990 0 . 3 0 ^ 0.0745— 0.2952 “ 0.6971 0.0973 
7 0.0000 0.3381 0.5460 -0.4021 0.4535 0.0973 0.0277" 
where R, is 1.1177, and Rn = 1.1177. 
Note that, due to the variance of the Gram-Schmidt orthonormalization process, 
the [T] matrix may be different. Consequently, the [M] coupling matrix synthesized 
here may be different. But the eigenvalues should be preserved as the same. Namely, 
above fully coupling matrix is different from that one given in the paper [1], With 
fully coupling matrix, a series of similarity transform stated in section 2.4 will apply 
to reduce the coupling matrix in a realizable folded form as the following: 
TABLE 2.6.3. Seventh Degree Asymmetric Filter: Coupling Matrix after Reduction 
to the Folded Form. 
1 2 3 4 5 6 7 
1 0.0211 0.8884 -0.0000 0.0000 -0.0000 -0.0000 O.QQQO~ 
2 0.8884 ~Q.0258 -0.6159 0.0000— 0.0000 “ 0.0941 0.0000 
3 0.0000 ~0.6159 0.0193 -0.5101— 0.1878 -0.0700 ~Q.()QOO 
4 0.0000 ~Q.OQQO -0.5101 -0.485^" -0.4551 0.0000 0.0000 
5 - 0 . 0 0 0 0 ~B.QOOQ 0 . 1 8 7 8 -0 .4551— - 0 . 0 2 3 7 - 0 . 6 1 1 9 - 0 . 0 0 0 0 
6 0.0000 ~Q.Q941 -0.0700 0.0000— -0.6119 0.0258 ~Q.8884 
7 0 . 0 0 0 0 0 . 0 0 0 0 - 0 . 0 0 0 0 0 . 0 0 0 0 - 0 . 0 0 0 0 0 . 8 8 8 4 0 . 0 2 1 1 
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The reduction process of a coupling matrix to the folded form follows a specific 
sequence of similarity transformation, which is tabled here: 
TABLE 2.6.4. Similarity Transformation Sequence for Reduction to the Folded Form. 
Translbrr Element Pivot „ � 
Number To be [i j] 没 ” a n jcM J M 
Annihilated k 1 m n c 
J Mi6 f5 ,6 ] 1 6 1 5 -1 
2 Mi5 [4,5] 1 5 1 4 - 1 
3 Mi4 [3,4] "i 4 1 3 -1 
4 Mi3 [2,3] 1 3 1 2 ~ ~ - 1 
5 M37 [3,4] 3 7 4 7 + 1 _ 
6 M47 5] 4 7 5 7 + 1 
7 M57 [5,6] 5 7 6 7 + 1 
8 M25 [4,5] 2~~ 5 2 4 -1 
9 M24 [3,4] 2~~ 4 2 3 -1 
10 |M46 |[4, 5] I4 16 Is 16 1+1 
Above sequence is also summarized in the matrix form as the follows: 
Table 2.6.5. Reduction Sequence to the Folded From. 
1 2 3 4 5 6 7 
1 s m ^ i 2 / xa 
2 s m 9 ^ xa xs 
3 . s m xa xs 5 
4 . . s m 10 6 
5 . . . s m 7 
6 s m 
7 s 
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The folded network contains two rows of resonators arranged in parallel. The 
coupling and routing diagram is shown as the following: 
1 2 3 4 
^ o ^ T^  T 
\ I \ 丨 \ 
\ I \ ‘ \ 
\ I \ I \ 
\ I \ I \ 
\ I \ I \ 
^ o 4 4 
7 6 5 
main line couplings • _ resonances 
cross couplings 
Fig. 2.6.1. Folded coupling and routing schematic: a seventh degree example. 
Fig. 2.6.2(a) shows the topology of the folded network corresponding to the 
coupling matrix of Table 2.6.3 for a seventh degree asymmetric filter. And Fig. 2.6.2(b) 
shows a possible realization for this coupling matrix in coupled coaxial resonator 
technology. In this particular case, there are no couplings between node 1 and 7 and 
between node 2 and 7 as compared Fig. 2.6.2(a) with Fig. 2.6.1. The results of 
analyzing the folded coupling matrix of Table 2.6.3 are given in Fig. 2.6.3, which 
demonstrates the correctness of synthesis procedure. 
I I 1 .1 
— • • • II 
s V. \ ‘ •� � � 
� \ � s 
\ - 、. 一一 • • 
7 f» 5 
(a) 
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— [ H 〇 ： o - O ： G 
(b) 
Fig. 2.6.2. Seventh degree asymmetric filter: realization in folded form, (a) coupling 
and routing schematic, (b) corresponding realization in coaxial resonator technology. 
0 | ^ 
-1� f \ 
/ 1 I—|S2l||i 
I::: j / . . _ l v - q 
--4。 / 丨 1-1 I 1 V -
/ . \ 
-60 ^ ‘ ‘ ‘ ‘ ^ 
27 28 29 30 31 32 33 
F r e q u e n c y 
Fig. 2.6.3. Seventh degree asymmetric filter: analysis of S-parameters of folded 
coupling matrix. 
B. N + 2 Transversal Network Synthesis 
A forth degree fully canonical filer is synthesized according to the procedure 
introduced in this chapter. The design parameters include 22 dB Return Loss and four 
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prescribed transmission zeros at -j3.7421, -j 1.805l,j 1.5699 and j6.1910. Because the 
number of transmission zeros is equal to the filter degree, this filter is fully canonical 
with source/load coupling. 
The synthesis of polynomials P(s), F(s) and E(s) is genetic with previous example 
following the algorithm in section 2.1. Then, the transversal coupling matrix may be 
synthesized according to the method in section 2.5. 
TABLE 2.6.6. Forth Degree Fully Canonical Filter: Transversal Coupling Matrix. 
S 1 2 3 4 L 
S 0 -0.6537 0.6677 -0.3433 0.3641 O.OlsT" 
1 -0.6537 ~a7831 0 0 — 0 -0.6537 
2 0 . 6 6 7 7 — 0 - 0 . 8 0 4 7 0 — 0 0 . 6 6 7 7 " 
3 -0.3433 — 0 0 “ -1.2968 0 -0.3433 _ 
4 0 . 3 6 4 1 — 0 0 0 1 . 3 1 4 2 0 . 3 6 4 1 ~ 
L 0.0151 -0.6537 0.6677 -0.3433 0.3641 0 一 
TABLE 2.6.7. Forth Degree Fully Canonical Filter: Folded Coupling Matrix. 
S 1 2 3 4 L 
S 0 1.0601 I 0 I 0 I 0 |o.o"iTr 
1 1.0601 -0.0023 0.8470" 0 "-0.3259 
2 0 ~0.847Q 0.0484 0.8360 “ 0.0342 ~ ~ 0 
3 Q — 0 0.8360 -0.0669 “ 0.8732 ~ ~ Q ~ ~ 
4 0 " ^ . 3 2 5 9 O . Q 3 4 Y 0 . 8 7 3 2 0 . 0 1 7 1 T O ^ 
L 0 . 0 1 5 1 0 . 0 3 1 5 I 0 I 0 I 1 . 0 5 9 6 0 
A series of similarity transformation is applied again to rotate the transversal 
coupling matrix to the folded coupling matrix. The rotation sequence of similarity 
transformation for forth degree fully canonical filter is different with that one tor 
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seventh degree filter in previous example. Nevertheless, these two sequences follow 
the same principle to result in the folded coupling matrix. Table 2.6.7 gives the folded 
coupling matrix for this example. Also, the couling and routing schematic for this 
example is shown in Fig. 2.6.4. Note that there is a coupling MSL from source to load 
in this example. 
S 丨 2 
O 争 • O smircc.'l<i!ul tcmiin;ils 
• rcsitnalor noilc 
main line coupl inu 
^ ^ ^ J cross cciupling 
L 3 
Fig. 2.6.4. Forth degree fully canonical filter: coupling and routing schematic. 
The analysis of folded coupling matrix in Table 2.6.7 is shown in Fig. 2.6.5. 
N FI i — s 2 i i 
I V i 1口 \ 
-60 - ；I； —. I 
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Fig. 2.6.5. Forth degree fully canonical filter: analysis of S-parameters 
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2.7 Summary 
In this chapter, the fundamental theory of filter synthesis is introduced. The 
process of synthesis starts with synthesizing the polynomials of transfer and reflection 
functions from generalized Chebyshev function. The j^-parameters y2i and y22 derived 
from polynomials are equated to those expressed by the elements of the coupling 
matrix from resonator network. Both N x N coupling matrix for general case and 
N + 2 coupling matrix for transversal network are synthesized. By using similarity 
transformation, the coupling matrix can be rotated to a physically realizable matrix or 
any other topologies, if applications found. 
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ANALYTICAL DIAGNOSIS OF NARROW-BAND 
COUPLED RESONATOR FILTERS 
3.1 Introduction 
Novel analytical filter diagnosis technique based on the partial fraction 
expansions of admittance matrix is proposed. The key issue in the proposed technique 
is the extension of the realizability conditions of coupled resonator network to the 
asynchronously tuned filters, in order to remove the phase loading effect. 
For a given coupling matrix and filter topology, physical realization of a filler 
would largely depend on a costly and experience-based tuning. The core task in filler 
tuning is a diagnosis of the filter coupling status that corresponds to the current filter 
response. By comparing the designed circuit model and parameters (i.e. coupling 
matrix) against the diagnosed ones, the tuning direction and magnitude can be easily 
decided. Note that the diagnosed parameters must have relevance with those of the 
designed. 
The computer-aided diagnosis and tuning of coupled resonator filters have been 
an active topic in the filter society for more than ten years. The main driving force to 
the activities is the continuous demand on reducing the manufacturing cost and 
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development cycle for various filter markets. The existing computer diagnosis 
techniques are mainly based on non-linear optimization [11-13], in which different 
optimization strategies and schemes for parameter extraction are explored. In addition, 
analytical models based on the locations of system zeros and poles [14, 15] and 
artificial knowledge based techniques [16] have also been investigated. Some 
alternative methods such as tuning in time domain [17] are rarely reported. The 
existing analytical models provide a recursive procedure to determine individual 
resonant frequencies and consequently inter-resonator couplings for highly restricted 
filter topologies [14，15]. The existing techniques based on non-linear optimization 
and artificial knowledge are "curve-fitting" in nature. Due to the discrepancy in 
dispersion models between the theoretic and practical filters, if the coupled resonator 
circuit model is used in filter design and diagnosis, people should not be able to find 
an "exact" match between the extracted/diagnosed filter model and the designed filler 
model by a way of "curve-fitting". 
In this chapter, a systematic technique is proposed to approximately diagnose 
filter parameters based on a given filer topology and the measured scattering 
parameters [S]. No extra calibrations are needed to determine the loading effccl [11, 
14, 15]. The filter topology that can be handled by this technique is only limited by 
the availability of the exact filter synthesis technique, with which the filler to be 
diagnosed is designed. Similarly to any other diagnosis techniques, the phase loading 
at the filter ports must be assessed before a correct model can be extracted. 
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The "approximation" introduced in the technique mainly comes from the 
forfeiture of the dispersion information and dissipation loss, when converting a 
practical filter response to an ideal circuit model response. This loss of information is 
due to the imperfectness of the theoretic circuit model and is indispensable in a 
diagnosis. Being aware of the fact, an accurate determination of current coupling 
status would be a matter of trade-off. The validation of proposed technique is 
guaranteed by evaluating the poles and residues of the partial fraction expansions of 
admittance matrix according to multi-coupled resonator filler network with the 
extended realizability conditions. 
Some numerical examples applicable to the proposed method are given in 
following sections to validate the proposed method. The examples include circuit 
model extraction, coupling matrix recovery of In-Line filter, coupling matrix recovery 
of Dual-Mode filler. Moreover, a practical example on tuning a sixth order dual-mode 
filter is demonstrated to strengthen the usefulness of 'trade-off between accuracy and 
approximation. 
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3.2 Extended Realizability Conditions 
The basic idea of the proposed diagnosis technique is very simple. By knowing 
the filter response in terms of scattering parameters [SJ, and consequently admittance 
parameters [Y], the partial fraction expansions of the admittance matrix [Y] can be 
determined by finding the poles Ak {k=l,2, ...,n) that are common to all elements of the 
admittance matrix, and evaluating all the residues (r//々 ，厂/_?人-’ nik’ r22k) corresponding 
to every pole. Now, the admittance matrix can be expressed as 
⑴ = [ 少 丨 1 叫 1 . 卜 叫 (3.2.1) 
where a is the complex frequency variable. 
Theoretically, having obtained the admittance matrix [Y] from measured data, the 
coupling matrix corresponding to the filter response and the filter coupling topology 
can be recovered by the well known transversal coupling matrix construction and a 
series of rotations to the coupling matrix. The resultant coupling matrix would comply 
with the given filter coupling topology [1-3]. 
However, before the measured data is used in the diagnosis process, the phase 
loading effect must be removed from the data so that all the system poles will appear 
on the real frequency axis and at the right positions. Fig. 3.2.1 shows a general 
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two-port multi-coupled resonator network with phase loading effect. 
j C 1/2 H 5 C 1/2 M i ( 1 /211 J C 1/2 H i C 
J C 1/2 H J C 1/2 H J C 1/2 H J C 1/2I I J C 
o I 1 l^i E)__ « I __I 1_O 
、 M , 2 乂 M2.I — ^ M,.n — ^ 
、、一 M 
Ml.n 
Fig. 3.2.1. Coupled resonator network with the phase loading effect. 
The phase loading effect refers to the discrepancy of the reference phase 
measured from an available reference plane at a filter port in measurement and the 
reference phase at a port of an ideal coupled resonator filter model. The phase loading 
may comprise several parts: (i) the discrepancy of reference phase plane between an 
ideal circuit model and a practical network; (ii) the dispersion effect of the 
input/output coupling element; and (iii) an extra length of transmission line 
introduced in measurement. Therefore, this loading effect must be assessed by the 
realizability conditions of the multi-coupled resonator filter model [4], which is the 
fundamental model in the synthesis of this class of filters. 
In [4], the realizability conditions of a synchronously tuned filter states that for an 
admittance matrix [Y] to be expressed by the partial fraction expansions as given in 
the equation (3.2.1), the following homogeneous conditions are necessary and 
sufficient: 
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= 0 (3.2.2a) 
k=\ 
n n 
Z V m . = Z V 2 2 ) t = 0 (3.2.2b) 
Z ' m = 0 (3.2.2c) 
k=\ 
It can be shown that the realizability conditions can be extended to an 
asynchronously tuned case, in which the poles are still simple and purely imaginary. 
However, the right hand side conditions in the equation (3.2.2a) and (3.2.2b) are no 
longer zero but a small real number. The extended realizability conditions serve a 
critical role in gauging the phase loading effect in the proposed diagnosis technique. 
The admittance parameters of inner-network as a box shown in Fig. 2.3.2 can be 
derived as [4] or refers to the equation (2.2.4) and (2.2.5) in previous chapter; 
y 'As) = [ jM+sI]-^, (3.2.3a) 
y n i s ) = [JM + sI]-^, (3.2.3b) 
where [M] is a N x N reciprocal coupling matrix, and [I] is the identity matrix. 
Since [M] is real and symmetric about its principal diagonal, all of its eigenvalues are 
real. Thus, it can be decomposed as 
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-M = T I^r (3.2.4a) 
where 
八=力邓[/li，;i2，...，A„] (3.2.4b) 
TV =I (3.2.4c) 
and [T] is a real orthogonal matrix with rows of orthogonal unit vectors. 
Consequently, 
[jM + si]-' = [-JTAT'+sIY' 
1 1 , (3.2.5) 
= T d i a g [ — ] r 
卜 A 卜 A 
Relating the equation (3.2.3) and (3.2.5) yields 
n T T 
少 ； 丨 ( 3 . 2 . 6 a ) 
�=1 s -
y 2 2 = t - ^ (3.2.6b) 
By the formula given in Fig. 2.3.2, the admittance parameters of a network with 
transformers can be derived as 
n T T 
y2^ = = " i " � ! ] ^ ^ (3.2.7a) 
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yii = = V (3.2.7b) 
A=1 S - J A , , 
Now the conditions given in the equation (3.2.2) for synchronously tuned case 
can be extended to asynchronously tuned case. For condition in (3.2.2a), the trace of 
coupling matrix [M] is the sum of its eigenvalues. While, in general, the trace of [M] 
in asynchronously tuned case is not zero. 
“ 
= trace{M) (3.2.8a) 
k=\ 
Equating the y22 in the equation (3.2,1) and (3.2.7b), the product sum of 
eigenvalue-residue in (3.2.2b) can be deduced as 
= = 次入 X = (3.2.8b) 
�=1 
Note here the definition of the coupling matrix [M] in the equation (3.2.4a). Sincc [T] 
is an orthogonal matrix, the sum of the residues in the equation (3.2.2c) can be 
deduced as 
n n n 
= Z ¥ 2 口 丨 A. = 口 = 0 0 - 2 . 8 C ) 
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In this proposed diagnosis technique, the amount of phase loading is gauged by 
evaluating above extended realizability conditions. Having had the phase loading 
effect removed, the locations of the poles can be identified along the real frequency 
axis. According to the equation (3.2.1), we can have a set of over sampled linear 
equations from the measured data in a matrix form: 
1 1 1 
K / i ) ] /i-义I /丨-々 /i -^n「厂丨 
y(/2) . 
- . , 2 -义丨 
• 一 • 
_y{fn,)\ i • • • i U . 
一义1 fm ~ ^n _ 
or 
(3.2.9) 
The residue vector can be solved in the least square sense: 
k } = ( [ 4 ' U V ' [ 4 ' { y J (3.2.10) 
So far, all the poles Ak and the residues r2ik and 及 can be determined by the 
equations mentioned above. By the well-known coupling matrix construction and a 
series of matrix rotation [1], the coupling matrix corresponding to the current filler 
response conformed in certain topology can be recovered. Actually, filter tuning is an 
iterative process of filter diagnosis. Each of the diagnosis recovers the current filter 
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coupling status of a physical filter structure in a timing process. By comparing the 
designed coupling matrix against the diagnosed one, the tuning direction and 
magnitude can be easily determined. 
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3.3 Filter Circuit Model Extraction with Finite Q Value 
Because the coupling matrix represents the current coupling status of coupled 
resonator network, the ^-parameter response [S] can be computed directly from the 
coupling matrix. Ideally, the coupled resonator network is lossless, sincc it only 
contains inductive and capacitive elements. By introducing certain resistance into the 
loop equation, which is described in the equation (2.2.1), a finite Q-value of resonator 
can be modeled. 
Therefore, the study contained in this section is dedicated to filter circuit model 
(i.e. coupling matrix) extraction from an 5-parameter response [S]. The [S] is 
computed directly from the loop equation with certain resistance considered to 
simulate a finite Q-value of resonator. From this study, the tolerance of diagnosed 
coupling matrix according to finite Q-value can be observed. 
The first example is a sixth order filter with a finite Q-value of 10000. The details 
of it are listed blow: 
Order of Filter, 6 
FO in GHz: 2.2 
Bandwidth in GHz: 0.4 
Unloaded Q: 10000 
Number of Transmission Zero(s): 4 
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Location of Transmission Zero(s): +/-0.92-j*0.15, -j*l .2, +j* 1.6 
The coupling matrix of this example is synthesized by procedures outlined 
previously, and the 5-parameter response [S] is computed at corresponding center 
frequency. This [S] is converted to the admittance matrix [Y] directly. No phase 
loading effect is involved in this circuit model exercise. Then, the [Y] is expressed in 
its partial fraction expansion by finding the locations of poles and solving the residues 
from the equation (3.2.10). As introduced in the chapter of fundamental theory, either 
N X N or N + 2 coupling matrix can be constructed. Next, a series of similarity 
transformations is used to rotate the coupling matrix to the topology it realized. The 
diagnosed coupling matrix is compared against designed coupling matrix in Table 
3.3.1. The ^--parameter response [S] of diagnosed coupling matrix is superposed with 
the original 5-parameter response [S] in Fig. 3.3.1. 
The second example is the same as the first one, except a finite Q-valuc of 1000, 
ten times smaller than the first one. 
Order of Filter'. 6 
FO in GHz: 2.2 
Bandwidth in GHz: 0.4 
Unloaded O: 1000 
Number of Transmission Zero(s): 4 
Location of Transmission Zero(s)\ +/-0.92-j*0.15, -j*l .2, +j*1.6 
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The same extraction process is applied in this example. The diagnosed coupling 
matrix is compared against designed coupling matrix in Table 3.3.1. The .v-parameter 
response [SJ of diagnosed coupling matrix is compared with the original .^-parameter 
response [SJ in Fig. 3.3.2. 
TABLE 3.3.1. The comparison of coupling matrix. 
一 Original Recovered Q=10000 Recovered Q=1000 
MOl 1.0589 1.0541 1.0374 
M i l -0.0150 -0.0250 -0.0277 
M12 0.8867 0.8831 0.8938 
M16 0.1130 0.1115 0.0857 
M22 -0.0233 -0.0206 -0.0132 
M23 0.6149 0.6170 0.6168 
M25 0.0143 0.0175 0.0161 
M26 0.0525 0.0533 0.0387 
M33 -0.0986 -0.0986 -0.0825 
M34 0.5753 0.5758 0.5579 
M35 0.2321 0.2371 0.2502 
M44 0.4589 0.4628 0.4522 
M45 -0.5544 -0.5536 -0.5720 
M55 -0.0250 -0.0229 -0.0185 
M56 0.8852 0.8841 0.8747 
M66 -0.0150 -0.0210 -0.0368 
M67 1.0589 1.0565 1.0133 
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Fig. 3.3.1. The response of the first example, O = 10000. 
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Fig. 3.3.2. The response of the second example, O 二 WOO. 
Inspecting the Table 3.3.1, the diagnosed coupling matrix when O = 10000 is 
very close to the designed coupling matrix. The main-line coupling elements are 
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highlighted in this table, since it is the main path of energy flow. The biggest 
difference is less than 0.5 percent. While, for the diagnosed coupling matrix when Q 
=1000, the biggest difference is relatively larger at 3 percent. But the response in Fig. 
3.3.2 is still matched well. As expected, the s-parameter response [S] of the diagnosed 
coupling matrix according to a filter with higher Q-value as shown in Fig. 3.3.1 will 
give a more accurate result than one with lower Q-value as shown in Fig. 3.3.2. 
The third and forth example are de-tuned sixth order filters with finite Q-value of 
10000 and 1000, respectively. 
Order of Filter: 6 
FO in GHz: 2.2 
Bandwidth in GHz: 0.4 
Unloaded Q: 10000/1000 
Number of Transmission Zero(s).. 4 
Location of Transmission Zero(s)\ De-tuned 
A similar comparison is made. The diagnosed coupling matrix is compared 
against designed coupling matrix in Table 3.3.2. The 5-parameter response [S] of 
diagnosed coupling matrix is superposed with original the ^-parameter response [S] in 
Fig. 3.3.3 and Fig. 3.3.4 for different Q-values. 
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TABLE 3.3.2. The comparison of coupling matrix. 
一 Original Recovered Q=100(}0 Recovered 1000 
MOl ^ 0.7988 0.6864 
M i l -0.0176 -0.0447 -0.1001 
M12 ^ 0.5764 0.6276 
M16 ^ 0.3994 0.4347 
M22 -0.0033 -0.0722 -0.0781 
M23 ^ 0.7838 0.7215 
M25 ^ 0.0876 0.0217 
M26 OJ 0.1219 0.1417 
M33 -0.1042 -0.1373 
M34 ^ 0.7492 0.7162 
M35 OJ 0.1580 0.1853 
M44 0 0.1520 0.2345 
M45 ^ -0.7601 -0.7903 
M55 0.025 -0.0128 -0.0200 
M56 ^ 0.5150 “ 0.4728 
M66 - 0 ^ -0.0506 -0.0221 
M67 1.589 1.5896 1.5655 
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Fig. 3.3.3. The response of the first example, O = 10000. 
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Fig. 3.3.4. The response of the second example, Q == 1000. 
Again, similar conclusions can be drawn as those for the first and second case. So 
far, the exercises in this section have demonstrated the tolerance of coupling matrix 
with finite Q-value, for both tuned case and de-tuned case. For a finite Q-value as low 
as 1000, few percentage difference of the elements of coupling matrix can be 
observed. Also, the theory applied here is more accurate for narrow band filter than 
for wide band filter. 
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3.4 Diagnosis of a Dual-Mode Circular Waveguide Filter 
From this section, the experiment of examples will move to EM simulation. As 
the first one, a fourth-order circular waveguide dual-mode filter is simulated using a 
full-wave electromagnetic modal analysis program, which has been fully verified by 
experiments. The filter consists of two circular cavities thai are separated by a cross 
iris. As shown in Fig. 3.4.1, a tuning tooth is stuck out at the middle of each cavity; 
one is at 45^ and the other is at -45°. In this modal analysis, a certain surface 
impedance is considered (a = 2.0E+7 S/m) to emulate a cavity of Q = 8000. The 
reference planes in the EM simulation are defined at the outer surfaces of the input 
and the output irises. 
Fig. 3.4.1. A four-pole circular waveguide dual-mode filter. 
Before the filter is diagnosed, an appropriate phase loading model as a length of 
transmission line must be removed from the "measured" S-parameters. As discussed 
in previous section, the value of the product sum of eigenvalue 义a- and residue n) k 
(Y^K^ijk ) in equation 3.2.8b is used as a criteria to determine the phase loading 
Oioad- For this example, the function of ^ K^ijk vs. loading phase is plotted in Fig. 
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3.4.2，from which an appropriate phase loading angle Oioad = 1.044k (rad.) can be 
found, at which the value of ^ K^ijk is approximately zero. It is worth mentioning 
thai an appropriate phase loading angle is not very sensitive to the final result, a 
variation of few degrees will not change the result significantly. 
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Fig. 3.4.2. The product sum of eigenvalue-residue vs. loading phase diagram 
for the dual mode filter. 
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Fig. 3.4.3. The imaginary part ofy22 before the phase loading is removed. 
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Fig. 3.4.4. The imaginary part of y22 after the phase loading is removed. 
In fact, the influence of the phase loading can also be reflected in the responses of 
the admittance [Y], from which the poles' locations and the residues of the partial 
fraction expansions are determined. The plots of the imaginary part of the y22 before 
and after removing the phase loading are illustrated in Figs. 3.4.3 and 3.4.4, 
respectively. Of course, the real part of [Y] parameters also exists due to the finite 
conductor loss, and is currently not in concern. 
With the eigenvalues and the residues are determined, the diagnosed coupling 
matrix can be determined using the same procedure by which the filter can be 
synthesized through a series of matrix rotations. The directly diagnosed coupling 
matrix of the dual mode filter is listed in Table 3.4.1, where the center frequency 
fo=12.18 GHz and the bandwidth BfV=60 MHz. The filter response from the 
diagnosed couplings and the original EM simulated response are superposed in Fig. 
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3.4.5. Good correlation can be observed. Nevertheless, by examining Table 3.4.1, two 
interesting phenomena that deviate from the common sense can be noticed: (1) the 
existence of weak stray couplings ( Mi l and M24)； and (2) a small difference between 
the input coupling Msi and the output coupling M4L. Being aware of thai a physical 
waveguide filter will not behave in the same way as an ideal coupled resonator filter, 
all the coupling elements and resonators have dispersion. The dispersion is 
compensated by those removable stray couplings and the non-ideal symmetry of the 
coupling matrix in the diagnosis. If the stray couplings are removed, as shown in Fig. 
3.4.6，a reasonably good matching between the "measured" response and the 
diagnosed response can be still obtained. 
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Fig. 3.4.5. The response of the dual-mode filter: the EM simulated and the 
recovered with the diagnosed coupling matrix including stray coupling elements. 
6 7 
D i a g n o s i s 
0「關_丨I丨丨|‘丨nilIIIII丨丨j j u y ^ _ _ _ � _ _ _ _ � _ _ _ _ 
j < " A R I S l l - EM s imu la ted 
J , k \ S12 - EM Simulated 
£• -20 , L - i - ' \ / l 1 —么 S l l - Diagnosed — 
XI f ^ m\ \ - - 0 S12 - Diagnosed 
^ ！ j ^ 1' 
-4�:^^————.� H 广 … — ― � 
I I > 
-50 J 1 J! 办 — . 
11.9 12 12.1 12.2 12.3 12.4 12.5 
Frequency (GHz) 
Fig. 3.4.6. The response of the dual-mode filter: the EM simulated and the 
recovered with the diagnosed coupling matrix excluding stray coupling elements. 
TABLE 3.4.1. The diagnosed coupling matrix of the dual-mode filler 
with stray coupling. 
S 1 2 3 4 L. 
s 0 v T m 0 0 0 o~ 
1 1.2309 0.0317 1.0159 0 -0.1989 -0.0127 
2 0 1.0159 -0.0649 0.8447 0.0061 0 
3 0 0 0.8447 -0.0645 0.9967 0 
4 0 -0.1989 0.0061 0.9967 -0.0054 1.2011 
L 0 0.0127 0 0 1.2011 0_ 
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3.5 Diagnosis of a In-Line Waveguide Filter 
The example demonstrated in this section has a high-order, namely, a 6-pole 
H-plane waveguide Chebyshev filter. The waveguide dimensions are of 0.75 inches 
by 0.375 inches. As shown in Fig. 3.5.1, six waveguide cavities are separated by 
seven rectangular irises. Initially, the coupling matrix of this filter is synthesized 
incorporating pure Chebyshev function. The physical sizes of iris openings and cavity 
lengths are then designed according to the elements in the coupling matrix. The 
reference planes are defined at the outer surfaces of the input and the output irises. 
Again, the full-wave modal analysis program is used to simulate the filler response 
with surface conductivity of 2.0E+7 (S/m) that is equivalent to the filter cavities with 
Q = 4000. 
Fig. 3.5.1. A 6-pole H-plane waveguide Chebyshev filter. 
The similar procedure is applied to the H-plane filter. The same criteria can be 
used to determine the phase loading, namely, the value of the product sum of 
eigenvalue ；U and residue t � � k ( X )• For this example, the function of 
69 
Diagnosis 
^ K^ijk VS. loading phase is plotted in Fig. 3.5.2. The phase loading (Pi— is chosen 
around the value of product sum function near to zero. 
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Fig. 3.5.2. The product sum of eigenvalue-residue vs. loading phase diagram 
for the 6-pole H-plane filter. 
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Fig. 3.5.3. The imaginary part o f少b e f o r e the phase loading is removed. 
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Fig. 3.5.4. The imaginary part ofjF22 after the phase loading is removed. 
The influence of the phase loading on the response admittance [Y] is also 
observed. The plots of the imaginary part of the 少22 before and after removing the 
phase loading are illustrated in Figs. 3.5.3 and 3.5.4, respectively. Of course, the real 
part of [Y] parameters also exists due to the finite conductor loss. From Fig. 3.5.3, it 
shows more clearly that only four poles can be evaluated around the pass-band of 
low-pass prototype. But in total, six poles are expected as shown in Fig. 3.5.4. 
The diagnosed coupling matrix is compared with the original designed coupling 
matrix in Table 3.5.1, where fo=12.0 GHz and BW=30 MHz. It can be found that the 
largest error between the designed coupling elements and the diagnosed coupling 
elements is about 8%. The error is mainly caused by the inaccuracy of the pole 
location due to the presence of the conductor loss and the dispersion effects. The most 
obvious dispersion effect in this example is the deviation in the roll-off slops. 
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TABLE 3.5.1. The diagnosed coupling matrix of the 6-pole H-plane filter 
with stray coupling. 
Couplings Designed Diagnosed 
- MOl 1.1014 1.0474 
M i l — 0.0685 
M12 0.9270 — 0.9160 
M16 — O.Q3li" 
M17 — -0.0521 
M22 -0.0340 
M23 0.6460 0.6710 
M25 一 -0.0421 
M26 “ 0.0445" 
M33 — -0.0924 
M34 0.6110 ~ ~ 0.6251 
M35 “ -0.0408" 
M44 — 0.0361 
M45 0.6470 0.6655 
M55 — -0.0606 
M56 0.9390 — 0.9088 
M66 “ 0 . 1 0 ^ 
M67 1.1027 1.0091 
Due to the existence of the dispersion, the original diagnosed coupling matrix will 
come with some stray cross couplings. These unexpected cross couplings create some 
unwanted transmission zeros in the response as shown in Fig. 3.5.5. Since there 
should not be any cross couplings for an H-plane waveguide filter, the stray couplings 
must be discarded. The response of the diagnosed filter, after the stray couplings are 
removed, is compared with the original EM "measured" response in Fig. 3.5.6. Good 
correlation is observed. 
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Fig. 3.5.5. The response of the H-plane filter: the EM simulated and the recovered 
with the diagnosed coupling matrix including stray coupling elements. 
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Fig. 3.5.6. The response of the H-plane filter: the EM simulated and the recovered 
with the diagnosed coupling matrix excluding stray coupling elements. 
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3.6 Application of Proposed Method in Tuning a Sixth 
Order Dual-Mode Filter 
In this session, a process of diagnosing and tuning a six-pole dual-mode filter is 
demonstrated with the aid of the proposed diagnosis technique. 
The designed six-order dual-mode filter is physically realized in a circular 
waveguide and is with two transmission zeros. The filter consists of three circular 
waveguide cavities that are separated by a cross iris and a rectangular iris as shown in 
Fig. 3.6.1. Three tuning teeth are stuck out at the middle of each cavity, respectively. 
Due to the polarization of modes in circular waveguide, the orientation of input and 
output irises are different. The dimensions of input and output waveguide are 0.75 
inches by 0.375 inches and the radius of the circular waveguide is 0.535 inches. The 
same full-wave modal analysis program is used and surface conductivity of 2.0E+7 
(S/m) is introduced to emulate a cavity of Q = 8000. 
Fig. 3.6.1. A 6-pole circular waveguide dual-mode filter. 
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Two synthesis steps are required to obtain the required coupling matrix for the 
dual mode circular waveguide filter. The coupling matrix of a folded structure for the 
required filter characteristic is synthesized first by a standard technique [1] and is 
given in Table 3.6.1. A further rotation is applied on the folded coupling matrix to 
derive the final coupling matrix, which is listed in Table 3.6.2, for the dual-mode 
realization [18]. According to the elements in the coupling matrix of dual-mode 
realization, the initial dimensions of the circular waveguide dual mode filter are 
determined by following the guideline discussed in [19]. In fact, the design 
dimensions concerned in the initial design are also those to be adjusted in the tuning 
process. 
TABLE 3.6.1. Synthesized coupling matrix for 6-order dual-mode filter 
in the folded structure. 
S 1 2 3 4 5 6 L 
S Q| 1.0374| o| o| Q| Q| OI Q 
1 1.0374 0 0.8692. 0 ~Q 0~ 0 "o 
2 0 0 . 8 ^ 0 0.6022 0 0.1189— 0 "o 
3 0 0 0.6022 0 0.6851 0~ 0 "o 
4 0 0 O" 0.6851 0 -0.6022 0 0 
5 0 0 0.1189. 0 - 0 . 6 0 ^ 0~0.8692 0 
6 0 0 O" 0 ~Q 0.8692— 0 1.03^ 
L o| o| q| q| q| o| 1.03741 ~Q 
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TABLE 3.6.2. Synthesized coupling matrix for 6-order dual-mode filter 
in the dual-mode structure. 
S 1 2 3 4 5 6 L 
S Q| 1.0374! o| Q| OI Q| OI Q 
1 1.0374 0 0.8527" 0 -0.16^ O O P 
2 0"~a85Z7 0—0.7235 0 0 一 0 0 
J 0 0 0.7235' 0 0.55^ 0 — 0 0 
4 0 -0.1683 — 0 0.5555 o " ^ 1 3 9 o" 0 
5 0 0 0 0 -0.6139 0 
6 0 0 O" 0 0 0.8692— 0 1.0374 
L q| o| q| o| q| q| I.O374I 
Applying the proposed diagnosis technique, the responses of the diagnosed filter, 
after removing the unnecessary stray couplings, are compared with the EM simulated 
responses of the first trial in Fig. 3.6.2. Good correlation shows the correctness of 
diagnosed coupling matrix. The diagnosed folded coupling matrix is then listed in 
Table 3.6.3 altogether with the designed folded coupling matrix. 
By knowing the differences of the designed and the diagnosed coupling matrix, 
the tuning direction and magnitude of physical structures could be decided by 
employing Space Mapping Technique [20]. 
With indicating the elements being altered by arrows, Table 3.6.3 records the 
changes of folded coupling matrix in six tuning iterations. The responses of the 
recovered coupling matrix in all of six iterations are superposed with the EM 
"measured" response in the corresponding iterations from Fig. 3.6.2 to Fig. 3.6.7, 
respectively. The EM responses of the last iteration are also compared with those of 
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the designed filter model in Fig. 3.6.8，showing the success of tuning process. By the 
nature of the proposed diagnosis technique, the diagnosed coupling matrix is an 
approximation to the designed coupling matrix because of the dispersions. Therefore, 
a fine-tuning using non-linear optimization can be applied to tune the filler to the 
desired response. 
TABLE 3.6.3. The diagnosed coupling matrix after each trial. 
I Designed l i s t T r i a l 1 2 n d Trial 13rd Trial 14 th Trial 15th Trial 16th Trial 
M01 1.0374 0.952 0.9655 0.9604 0.9645 0.9514 0.9586 
M11 0 0.6263 0.2455 0.3432……> 0.2538 0.3043……> -0.0672 
M12 0.8692 1.1781 ……•> 0.9885 0.9524 0.9436 0.9315……> 0.8516 
M22 0 0.0865 -0.4755 -0.5134 ……> -0.0756 -0.0303 -0.0327 
M23 0.6022 0.8586……•> 0.4636 0.4819 ……•> 0.5396……> 0.6486 0.6239 
M25 0.1189 0.1359……>• 0.085 0.079 ……> 0.0751 ……> 0.1089......> 0.1409 
M33 0 0.4032 -0.1999 -0.2126 0.0088 ……> -0.0499 0.0341 
M34 0.6851 0.8676 ……•> 0.5707……•> 0.6396 0.6868 0.6294 ……> 0.7151 
M35 0 0.0742 0.1004 0.1317 0.0602 0.0219 0.0094 
M44 0 0,5709 0.4039 0.26 0.1853......> 0.1051 ......> 0,0313 
M45 -0.6022 -0.7015 -0.7128……•> -0.498 -0.5249 ……> -0.6043 -0.5985 
M55 0 0.6129 0,3671 ……> -1.0037 ……> 0.0077 0.1196 0,0454 
M56 0.8692 1.2187……•> 0,9704 0.9911 0.8941 0.9095 ……> 0.8943 
M66 0 1.3377 1.1259 ……•> -0,0203 -0.1486 -0.1816..•…> -0.0822 
M67 1.03741 0.94751 0.95941 0.97561 0:9683! 0.959| 0.9626 
Dual Mode Filter (1st trial) 
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Fig. 3.6.2. The responses of the 6-pole circular waveguide dual-mode filter 
(1st trial): the EM simulated and the recovered. 
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Dual Mode Filter (2nd trial) 
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Fig. 3.6.3. The responses of the 6-pole circular waveguide dual-mode filter 
(2nd trial): the EM simulated and the recovered. 
Dual Mode Filter (3rd trial) 
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Fig. 3.6.4. The responses of the 6-pole circular waveguide dual-mode filter 
(3rd trial): the EM simulated and the recovered. 
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Dual Mode Filter (4th trial) 
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Fig. 3.6.5. The responses of the 6-pole circular waveguide dual-mode filter 
(4th trial): the EM simulated and the recovered. 
Dual Mode Filter (5th trial) 
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Fig. 3.6.6. The responses of the 6-pole circular waveguide dual-mode filter 
(5th trial): the EM simulated and the recovered. 
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Dual Mode Filter (6th trial) 
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Fig. 3.6.7. The responses of the 6-pole circular waveguide dual-mode filter 
(6th trial): the EM simulated and the recovered. 
Dual Mode Filter 
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Fig. 3.6.8. The responses of the 6-pole circular waveguide dual-mode filter 
(6th trial): the EM simulated and the designed. 
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By examining the data in Table 3.6.3, several points must be addressed here. The 
discrepancy between the input and output couplings with the targeted values is always 
existed, especially for Moi. By admitting this discrepancy, the tuning process can sill 
be carried on. The cause of this discrepancy may be due to the dispersion. Another 
interesting point is that the coupling M35 always exists in the diagnosed coupling 
matrix and it cannot be eliminated as stray coupling. But as the diagnosed coupling 
matrix approaches to the synthesized one, in which the coupling M35 is zero, this 
coupling becomes smaller and smaller automatically. 
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3.7 Future Work 
The s-parameters of the filters as examples demonstrated in section 3.4 - 3.6 
come from EM simulation. A full-wave electromagnetic modal analysis program, 
which is from a commercial company, is used, and is already fully verified through 
plenty of design products. Nevertheless, the theory of filter diagnosis in this chapter is 
still expected to work on the s-parameters measured from a filter in physical. 
Afterward, this theory will find a wide range of applications in industry. 
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3.8 Summary 
An analytical filter diagnosis technique is proposed and demonstrated through a 
number of practical filter examples. The technique can systematically extract the 
coupling matrix for a given generalized Chebyshev filter topology and measured 
5-parameters without any prior knowledge. By extending the realizability conditions 
to an asynchronously tuned filter case, the criteria for removing the phase loading 
effect are also developed and verified. The coupling matrix is recovered from the 
partial fraction expansion of the admittance matrix [Y]. 
Due to the inevitable dispersion in practical filters, as any other filter diagnosis 
techniques, the proposed diagnosis model is not "exact". It may generate certain 
removable weak stray couplings to compensate the dispersion. Nevertheless, the 
omission of the stray couplings will still lead the diagnosed parameters to a very good 
starling point to a more specific filter parameter extraction using non-linear 
optimization, by which the dispersion is absorbed into the coupling coefficients 
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HYBRID SYNTHESIS OF MICROWAVE COUPLED 
RESONATOR FILTERS 
4.1 Introduction 
The prototype synthesis methods of microwave multi-coupled resonator filters 
have been widely explored over past decades in the filter society. One of foundation 
stones in these synthesis techniques belongs to the multi-coupled resonator model and 
the coupling matrix, which were introduced by Atia and Williams [4, 5]. They are also 
fundamental theory of this thesis. The elements in a coupling matrix represent the 
strength of inter-resonator couplings or self-coupling of a resonator. The topologies of 
coupling matrix, precisely speaking, the pattern of the non-zero elements in a 
coupling matrix is subject to the physical layout of resonators. 
The topics on how to obtain a physically realizable coupling matrix have attracted 
enormous attentions from many researchers, and plenty of significant works have 
been reported in the community over past few decades. The commonly used 
algorithms for synthesizing coupling matrix can be divided into two categories: direct 
synthesis using similarity transformations to rotate a coupling matrix [l]-[3] and [21, 
22], and numerical synthesis by solving an optimization problem [23]-[27]. According 
to the intrinsic nature of these two categories, both of them have relative advantages 
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and disadvantages over the other. 
For direct synthesis using similarity transformations, only some special 
topologies are applicable, for which the rotation sequences of similarity 
transformations must be specified and straightforward. Moreover, the pivots and angle 
of each rotation must be derived from previous coupling matrix, and are unknown in 
advance. Whereas, for numerical synthesis by optimization, although various 
optimizers have been well developed, an elegant cost function must be built up to 
preserve electrical performance of a coupling matrix, and complicate constrains may 
be required to establish a proposed coupling topology. Therefore, convergence is not 
always guaranteed, and convergence condition may be even deteriorated for high 
order filter design due to significant increase of the number of constrains. Another 
common issue in solving an optimization problem is to avoid the "local minimum". 
The efforts made toward the issue may departure from the essential meaning of filter 
synthesis. 
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4.2 A Hybr id Approach 
A hybrid method can be proposed, which combines the advantages of both direct 
synthesis by similarity transformations and numerical synthesis by variant 
optimization techniques. This proposed method can lead to a new flexible approach lo 
filter synthesis, by which the drawbacks of each of the methods can be complemented 
by advantages of the other. 
In order to archive this idea, a midway coupling matrix configuration is proposed 
as shown in Fig. 4.2.1. The midway coupling matrix contains two sub coupling 
matrices: one is at upper principal diagonal, and the other is at lower principal 
diagonal. The two blocks are connected by a main line coupling. The proposed 
approach starts from the well-known folded coupling matrix form as shown in Fig. 
4.2.2，which can be easily obtained by similarity transformations in [1]. Afterward, 
the folded coupling matrix can be transformed to the midway coupling matrix 
configuration by solving a simple optimization problem. The optimization can be 
implemented very easily because very few non-zero elements need to be annihilated 
in the folded coupling matrix. Once a midway coupling matrix is achieved, the two 
sub-matrices in the midway coupling matrix can be individually rotated to any 
available structures by similarity transformations again. 
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n S 
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m main line coupling 
X other possible non-zero coupling couplings are 
symmetric about the principal diagonal 
Fig. 4.2.1. Midway coupling matrix form, which contains two blocks. One is at 
upper principal diagonal, and the other is at lower principal diagonal. Two blocks are 
connected by coupling m(p,p+l). 
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Fig. 4.2.2. Folded coupling matrix form. 
Intuitionally, by comparing the midway coupling matrix and the folded coupling 
matrix in Fig. 4.2.1 and 4.2.2, the number of non-zero elements to be annihilated is 
very few. That is to say, very weak constrains need to be applied to the optimizer and 
a quick optimization convergence can be expected. Reciprocally, the restrictions on 
other coupling elements within the two sub-matrices of the midway coupling matrix 
are relaxed to preserve the electrical performance of the designed filter. Since the 
order of the two sub-matrices in the midway coupling matrix is much lower than the 
order of designed filter and can be dealt with individually, a great flexibility in 
synthesizing complex coupling configuration can be obtained. Obviously, more 
recipes of direct synthesis for lower order and simpler topology filters are available 
than that for high order filters. Therefore, more possible topologies can be acquired by 
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combining the two sub-blocks. 
In following sessions, the optimization method adopted to transform the folded 
structure to the midway structure is described first. Some rotation processes for 
further transforming the two sub-matrices in the midway structure, one by one, to a 
realizable form are also outlined. Finally, two examples of application using the 
proposed approach are given. 
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4.3 Mat r ix Transformations 
A. Transformation to Midway Coupling Matrix 
The key issues to solve a constrained optimization problem are to build up an 
effective cost function, to set up proper upper and/or lower boundaries and constrains, 
and to choose an appropriate optimizer. The most popular way to define the cost 
functions is using ^--parameters [23] [24] or eigenvalues of a coupling matrix [25]. 
The generalized Chebyshev filter functions are under consideration in this study. The 
coupling matrix can be analytically derived from the polynomials [1] that define the 
Chebyshev transfer functions. The short circuit admittance can be related to the 
coupling matrix [M] by 
少22 =-J M + coI • =-J 人 「 “ ~ ~ ^ (4.上 1) 
det M + 0)1 
少丨丨=-J M +col ,, =-j } ppJ (4丄2) 
det M + col 
where co is the angular frequency, [I] is the identity matrix, [h^"] is the upper 
principal matrix obtained by deleting the last row and column of the coupling matrix 
[M], and /"A/力 is the 
lower principal matrix obtained by deleting the first row and 
column of the coupling matrix [M]. 
Let A/ denote the common roots of the polynomials in the denominators of both 
y22 and y", and X/'^ and 义尸）denote the roots of the polynomials in the numerators of 
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y22 and y", respectively. As stated in [25], by keeping the eigenvalues 义 o f the 
coupling matrix [M], the eigenvalues X f ^ ' o f [M^”], and the eigenvalues X!^^' of [Iv^'^], 
the electrical performance of a filter can be preserved. Therefore, as modified from 
[25, (1)], the cost function can be constructed as 
n f t \ 2 „-\ f , \2 „_i / I \2 
= - 义 , - 义 : ' ) - 义 ( 4 - 3 . 3 ) 
/=i V y /=! V / /=i V 
The SQP (Sequential Quadratic Programming) optimization technique [30] is 
used as the optimizer in this work. Nevertheless, other available optimization methods 
can also be applied. 
B. From Midway to Final Coupling Matrix 
In general, the two sub-matrices (or sub-blocks) in the midway coupling matrix 
can be manipulated independently. Obviously, the rotation sequence to realize the 
folded structure in a sub-block of any size is well-known [1]. 
Likely, each sub-block may be realized by a kind of cascaded triplet or quadruplet 
(CT/CQ) configuration. To facilitate the implementation of the proposed synthesis 
approach, some specific similarity transformations procedures for low order CT/CQ 
configurations are discussed in this section. 
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For a 4-by-4 block, one CQ section or two CT sections can be realized. Generally, 
all the coupling elements in a sub-block, either in the upper diagonal or in the lower 
diagonal of the whole coupling matrix, may be non-zero. However, for forming a CQ 
section, only one step similarity transformation is required to annihilate either 
coupling m(l,3) or coupling m(2,4) as given in part (i) of Table 4.3.1. But it is not 
trivial to form two CT sections in a 4-by-4 block. In order to create cross-coupling 
m(3,5), the condition to annihilate coupling m(l,4) and m(2,4) simultaneously using a 
single similarity transformation at pivot [3, 4] may not be guaranteed. Therefore, a 
previous similarity transformation at pivot [2，3] may be necessary as indicated in the 
part (ii) of Table 4.3.1. In this case, the rotation angle is unknown in advance. 
Fortunately, this rotation angle at pivot [2，3] should be bounded by [-ti, ti]. Therefore, 
a simple searching program needs to be applied to search for this angle under the 
condition mentioned above. 
TABLE 4.3 .1 . 
Similarity Transformation Sequence. 
Rotation No. Rotation Pivot Annihilating Element 
(i) one CQ Section in a 4-by-4 block 
1 I [2,3] I MI3ORM24 
(ii) tM'o CT sections in a 4-by-4 block 
1 [2,3] 一 -
2 [3,4] M I 4 & M 2 4 — 
(Hi) two CT sections in a 6-by-6 block 
1 [3,4] — -
2 [ 2 ^ M24 & M25 
3 [4,5] M35 
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Next rotation sequence discussed here is to form two CT sections in a 6-by-6 
block. This block is rotated to the folded structure first, and it realizes only two 
transmission zeros. Similar to the above case, a rotation angle at pivot [3, 4] is 
unknown beforehand. Again, a simple searching program will be applied to search for 
the angle under the condition that coupling m(2,4), m(2,5) and m(3,5) will be 
annihilated in step 2 and 3 as indicated in part (iii) of Table 4.3.1. 
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4.4 Application of Proposed Method 
As the first example of application, an 8th degree 22-dB equal-ripple asymmetric 
filter with 4 transmission zeros at normalized frequencies -1.8i, -1.2i, 1.4i, and 1.64i 
has been synthesized according to procedures outlined above. First of all, the coupling 
matrix of the designed filter is calculated and converted to the folded form as shown 
in Fig. 4.4.1(a). The subsequent optimization process is applied to transform the 
folded coupling matrix to a midway coupling matrix as shown in Fig. 4.4.1(b), which 
contains two 4-by-4 blocks. Two possible topologies realized by further transforming 
the coupling matrix are available as shown in Fig. 4.4.2, (a) two CQ sections 
realization, and (b) two CT sections and one CQ section realization. 
TABLE 4.4.1. 
First Example: Details of Rotations. 
Rotation No. Rotation Pivot Annihilating Element 
and Angle (rad) 
(i) Formation of CQ section in a 4-by-4 sub-block 
1 I [6,7]，-0.0401 I M57 — 
(ii) Formation of 2 CT sections in a 4-by-4 sub-block 
1 [2，3]，0.2388 -
2 [3，4]，-0.3519 M | 4 & M 2 4 
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0.0021 0.8458 0 0 0 0 0 0 
0.8458 -0 .0023 0.5937 0 0 0 0.0243 0 
0 0.5937 -0.0031 -0.5040 0 0.2432 0.0053 0 
0 0 -0.5040 -0.0712 0.7405 -0.0827 0 0 
0 0 0 0.7405 0.1616 0.4979 0 0 
0 0 0.2432 -0.0827 0.4979 0.0012 -0.5937 0 
0 0.0243 0.0053 0 0 -0.5937 -0.0023 0.8458 
_ 0 0 0 0 0 0 0.8458 -0.0021 
(a) 
0.0020 0.8021 0.2232 0.1491 0 0 0 0 
0.8021 -0.3332 0.6931 0.0409 0 0 0 0 
0.2232 0.6391 0.1769 -0.5205 0 0 0 0 
0.1491 0.0409 -0.5202 -0.0004 0.5338 0 0 0 
0 0 0 0.5338 -0.0047 0.5047 0.0203 0.2183 
0 0 0 0 0.5047 -0.1301 -0.6827 0.2673 
0 0 0 0 0.0203 -0.6827 0.3755 0.7723 
_ 0 0 0 0 0.2183 0.2673 0.7723 -0.0023 
(b) 
0.0020 0.7266 0.4330 0 0 0 0 0 
0.7266 -0.5984 0.4789 0 0 0 0 0 
0.4330 0.4789 0.0686 -0.5214 0.1840 0 0 0 
0 0 -0.5214 0.3732 0.5011 0 0 0 
0 0 0.1840 0.5011 -0.0047 0.5051 0 0.2183 
0 0 0 0 0.5051 -0.1841 -0.6602 0.2981 
0 0 0 0 0 -0.6602 0.4295 0.7609 
0 0 0 0 0.2183 0.2981 0.7609 -0.0023 
(c) 
Fig. 4.4.1. Coupling matrices of an eighth order filler: (a) Folded structure; (b) 
Midway structure; (c) Structure for two CT sections and one CQ section realization. 
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1 lybricl 
2 3 6 7 O source/load terminal 
t ~ ^ f . ~ t 
�� • resonator node 
Q ^ ^ ••� . Q main line coupling 
1 4 5 8 cross coupling 
(a) 
2 4 6 7 
s txIxKI i： 
o 4………….〉‘……. 〇 
1 3 5 8 
(b) 
Fig. 4.4.2. Possible topologies for an eighth order filter: 
(a) Two CQ realization; (b) Two CT and One CQ realization. 
Realizing a CQ section in a 4-by-4 block is very trivial, since only one step 
similarity transformation is required as listed in part (i) of Table 4.3.1. In this example, 
the sub-block in the lower principal diagonal is transformed to a CQ section, and the 
details of rotation are given in part (i) of Table 4.4.1. Realizing two CT sections in the 
4-by-4 block in the upper principal diagonal can follow the algorithm given in above 
session and refer to part (ii) of Table 4.3.1. Also, the details of rotation are given in 
pari (ii) of Table 4.4.1. Herein, the topology in Fig. 4.4.2(b) is realized, and the final 
coupling matrix is given in Fig. 4.4.1(c). The 5-parameter response of this final matrix 
is shown in Fig. 4.4.3, verifying the correctness of the proposed procedures. 
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"I ^ — r T z 
s \ —丨川丨 
3 -20 \ 一IS21 Ij： ^ Mfm 
11 / 1 � 1 . � � t 
O -tso - I I 
-3 -2 -1 () 1 2 ：! 
Normalized Frequency(rad/sec) 
Fig. 4.4.3. The responses of eighth degree filter. 
The second example is a 10th degree 22-dB equal-ripple asymmetric filter with 6 
transmission zeros at -2.0i, -1.5i, -1.25i, -1.08i, 1.16i and 1.4i. In this example, the 
size of the two sub-matrices in a midway coupling matrix is 6-by-6 and 4-by-4, 
respectively. Again, the coupling matrix of filter is simplified to the folded form as 
show in Fig. 4.4.4(a), and the optimization process is applied to form a midway 
coupling matrix as show in Fig. 4.4.4(b). According to the topology given in Fig. 
4.4.5, both sub-matrices in the midway coupling matrix are rotated to the folded 
structures again in the size of six and four respectively. Since the maximum number 
of transmission zeros realized by an nth-order folded structure is n-2, if without 
source/load couplings, all the possible cross-couplings in 6-by-6 and 4-by-4 
sub-matrices are presented. Obviously, this process of similarity transformation is 
straightforward. The final coupling matrix is given in Fig. 4.4.4(c), and the 
^•-parameter response is shown in Fig. 4.4.6, verifying the correctness of the proposed 
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method. 
'-0.0039 0.8366 0 0 0 0 0 0 0 0 
0.8366 -0.0040 0.5870 0 0 0 0 0 0.0089 0 
0 0.5870 -().()()32 0.5405 0 0 0 -0.0355 -0.0369 0 
0 0 0.5405 0.0183 0.4712 0 -0.0310 0.2667 0 0 
0 0 0 0.4712 -0.1097 0.2780 -0.6812 0 0 0 
0 0 0 0 0.2780 0.8999 0.2517 0 0 0 
0 0 0 -0.0310 -0.6812 0.2517 0.0478 0.4891 0 0 
0 0 -0.0355 0.2667 0 0 0.4891 -0.0077 0.5859 0 
0 0.0089 -0.0369 0 0 0 0 0.5859 -0.0040 0.8366 
0 0 0 0 0 0 0 0 0.8366 -0.0039 
(a) 
0.0039 0.7307 -0.0201 0.0667 0.3981 -0.0503 0 0 0 0 
0.7307 0.0104 0.6578 -0.2454 -0.0952 0 0 0 0 0 
-0.0201 0.6578 0.0493 0.4584 -0.1839 -0.1255 0 0 0 0 
0.0667 -0.2454 0.4584 0.2704 0.5801 -0.3240 0 0 0 0 
0.3981 -0.0952 -0.1839 0.5801 0.4407 0.3822 0 0 0 0 
-0.0503 0 -0.1255 -0.3240 0.3822 -0.0100 0.5193 0 0 0 
0 0 0 0 0 0.5193 -0.0081 0.4779 -0.0753 -0.2401 
0 0 0 0 0 0 0.4779 0.1420 0.7302 0.0059 
0 0 0 0 0 0 -0.0753 0.7302 -0.0574 0.8014 
0 0 0 0 0 0 -0.2401 0.0059 0.8014 -0.0039 
(b) 
"-0.0039 0.7943 0 0 0.2576 -0.0503 0 0 0 0 
0.7943 0.0467 -0.3505 0.6230 -0.0491 0 0 0 0 0 
0 -0.3505 0.8386 0.3572 0 0 0 0 () () 
0 0.6230 0.3572 -0.13233 -0.4636 0 0 0 0 0 
0.2576 -0.0491 0 -0.4636 0.0179 0.5166 0 0 0 0 
-0.0503 0 0 0 0.5166 -0.0100 0.5193 0 0 0 
0 0 0 0 0 0.5193 -0.0081 0.4838 0 -0.2401 
0 0 0 0 0 0 0.4838 -0.0874 0.7254 -0.1190 
0 0 0 0 0 0 0 0.7254 0.1721 0.7925 
0 0 0 0 0 0 -0.2401 -0.1190 0.7925 -0.()()39_ 
(C) 
Fig. 4.4.4, Coupling matrices of an tenth order filter with 6 transmission zeros: (a) 
Folded structure; (b) Midway structure; (c) Final structure. 
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3 4 
t ^ 
Z , 8 9 
s o m 4 4 o L 
1 6 7 10 
Fig. 4.4.5. Possible topology of a tenth degree filter. 
1 I 
S -20 4- 1 S1 1 I ： 
I iwwi f r^ ; 
r I II 
I - I 
-80 - / -- - ’ 
-100 ^ •~~~‘ ^ 1 1 
- 3 - 2 - 1 0 1 2 ；5 
Normalized Frequency(rad/sec) 
Fig. 4.4.6. The responses of a tenth degree filter with 6 transmission zeros. 
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4.5 Future Work 
The amount of available topology of final coupling matrix under this novel 
hybrid synthesis approach is still expandable and under further investigation. Some 
topologies of final coupling matrix are also applicable to other exact synthesis 
approaches. Therefore, exploring the utility of this hybrid synthesis approach may 
suggest more design advantages and intelligent topologies to practical engineers. 
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4.6 Summary 
A novel synthesis method of microwave coupled resonator filter is introduced in 
this chapter. The method combines the merits of direct synthesis by similarity 
transformations and numerical synthesis by optimizations. In terms of synthesis by 
optimization, the procedure requires very few restrictions on topologies, and is very 
easy to converge. In terms of direct synthesis, various traditional rotation sequences 
can be used to make the new method flexible. 
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CONCLUSION 
This thesis is devoted to the synthesis and diagnosis of generalized Chebyshev 
narrow-band coupled resonator filter. A novel analytical filter diagnosis technique is 
proposed and demonstrated throughout a number of practical filter examples. The 
coupling matrix can be systematically extracted for a given generalized Chebyshev 
filter topology and measured S-parameters. By extending the realizability conditions 
to an asynchronously tuned filter case, the criteria for removing the phase loading 
effect are also developed and verified, A novel synthesis method of generalized 
Chebyshev coupled resonator filter is also introduced and demonstrated through some 
examples. The method combines the merits of direct synthesis by similarity 
transformations and numerical synthesis by optimizations. In terms of synthesis by 
optimization, the procedure requires very few restrictions on topologies, and is very 
easy to converge. In terms of direct synthesis, various traditional rotation sequences 
can be used to make the new method flexible. 
The proposed diagnosis method is limited to narrow-band filter, because of 
non-ideal mapping between lumped element model and distributed element model. 
The filter topology is restricted to those that the exact filler synthesis technique is 
available. 
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Conclusion 
The proposed synthesis procedure is a hybrid method, which may find more 
usefulness especially for high order filter synthesis. 
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APPENDIX 
A. l Gram-Schmidt Method 
The inner product of x and y is defined by: 
<x,_y>= X , 少 , 少 2 + � + x„ 兄， 
where x g R" and y e R". 
The norm of x, written ||x||, is defined by: 
iuii=V< 
where •v e R". 
The vector x g R" and y e R" are called orthogonal if <x,y> = 0. 
The set of vectors {xi, X2,...,Xk} is an orthogonal set if <xi,xj> = 0 for each i and j, 
ioj. 
The set of vectors is called an orthonormal set if it is orthogonal and <Xi,Xi> = 1. 
Briefly, the Gram-Schmidt process is a recursive method to find an orthonormal set. 
• STEP 1: Define vi = u\ and n = ||vi||. Then qi = v! / ri is a unit vector. 
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• STEP 2: Define V2 = U2 - <qi,U2>qi, and 12 = ||v2||. Then q! = V2 /1*2 is defined 
as a unit vector, which is orthogonal to qi. 
• STEPj: Define 
7-1 
V, 丨-Z<w,，仏 >仏， j = \,2,…,k 
/=i 
r, HI v, 11 
(1 丨 = 
Then, qj is orthogonal to {qi，q2,...,qj-i}. 
By n steps, an orthonormal set {qi, q2,..-,qn} will define. 
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A.2 Coupled Resonator Network and Loop Equations 
Shown in the figure below is an equivalent circuit of Multi-coupled resonators 
network, where L, C, r and R denote the inductance, capacitance, resistance and load 
resistance, respectively. 
' L 2 , n \ 
• • * Ci C2 c 丨 c„ 
VVv 
1.1 J C 1/2 Lj "5 t 1/2 L| "5 c! 卞 
(1) (2) (i) (n) 
w v — L - ~ J i — v ^ — —wv 
�L1.2 乂 rz L2., ^ r丨 L.,n —^ r„ 
K, 
Ll,n 
Fig. A.2.1. Multi-coupled resonators network. 
Using the voltage law, we can write down the loop equations as: 
( 1 ) 
� ‘ /�c丨) 
( 1 1 
-.i(oL,-�i\ + 广2 + j�L: + ^ ^ h 风丄=0 
V 
(A.2.1) 
( 1 � 
-风”丨一风 风丨 + —TT" K = 0 
I J �c" J 
in which Ly = Lp represents the mutual inductance between resonator i and resonator /, 
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and all the loop currents are in the same direction. This set of equations can be 
represented in matrix form: 
R,.： + + + - j �Ln … -
/, a� 
1 . . 
-‘/⑴丄21 ... -jcoL,,, h _ ^ 
JoyCi : - : 
• • • • • • • • 
-风 ,丨 - 风 i 2 . . . 尺 L + ’'n + 风 + — V 
(A.2.2) 
or 
For simplicity, let's first consider a synchronously tuned filter. In this case, all the 
resonators resonant at the same frequency, namely, 
1 
COq 
批 (A.2.3a) 
where 
人=人1 =乙2 =…=丄" (A.2.3b) 
C = C , = C 2 = � = C； (A 2.3c) 
Then, 
r 1 ( 1 V 1 r 1 1 ZJ = / coL ；- [/J + [R\-
‘V � C ) . (A.2.4a) 
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where 
Ri： + r, 0 ... 0 -
0 ^ 0 
L J • • . 
• . . 
• • . 
0 0 … R . 
“ � （A.2.4b) 
一 0 乙 12 ... L : 
L " � ： .. ： 
• . . 
L � （A.2.4C) 
If 
7 ； _ ^ Z q = — A. 
VC and ��� (A.2.5) 
then 
(A.2.6) 
Usually, the normalization of Zq = 1 h necessary. For a narrow-band 
approximation, coo ^ co\s also assumed. And the mutual inductance is normalized with 
respect to the L. 
[拟“] 
L (A.2.7) 
Therefore, 
Z]= /M, 
L J ./ L J L J "L //J (A.2.8) 
r 二 ^ = ： ^ 二丄 
(A.2.9) 
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Since we usually have normalized coupling coefficient matrix from synthesis 
process of low pass prototype, and the frequency transformation between low pass 
prototype and band pass prototype of fractional bandwidth BW/fo is 
•膠/.U � G co) (A.2.10) 
Once we know the normalized coupling matrix 
0 rn,,…m�"-
『 1 川21 0 … 
： 0 ： 
…“丨⑴…0 J (A.2.11) 
The denormalized coupling matrix is 
(A.2.12) 
For asynchronously tuned case, variable X for each resonator is different. For 
resonator /: 
‘ 叫 ’ ⑴ (A.2.13) 
w h e r e ,咖 is the resonant frequency for resonator i. 
Lei us define �� 二 ① 一 。 丨 
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f 1 A � , 1 
COo 1 + -
；i = COq +ACO_ CO { COQ ^ 
‘^^o+A^y 0) f Ao).] CO 
I 出0 
CO f A CO. ) COq f A CO.) 
= — 1 1 + with Q) = CO. 
� 0 I J ^ I. � 0 J 
='① ⑴。1 2 A⑴'=A 2 —丄 
^ CO J OJr, COr, 
V 0 乂 0 0 (A.2.14) 
If 
( \ 
= ^ ^ c 
2 ^ BW . BW 
/o— 丁 / o + 丁 V ^ I y 
經 ） c f W V 
^ W 0 V 2/o J /o 2/o 人 
—m, c BW _ m., BW 
= = /Iq 
: f J � 2 /o (A.2.15) 
and 
f _ c c 1 〜 c 厂 z U � 
义0 
—./0 Jo 2 -‘乂 0 -/o ^ ^ 
� - 人 (A.2.16) 
therefore, the frequency offset of resonator i is described by the normalized 
self-coupling coefficient w" as 
2 (A.2.17) 
Therefore, 
, BW ^ u 
Al = A + m" = A + M" 
.,0 (A.2.18) 
no 
It can be seen that, for asynchronously tuned filler, we have coupling matrix: 
'^11 ^12 … 
f w ^21 ^22 … 
; M , : 
声 似 " 2 … M „ „ \ (A.2.19) 
still, 
[ Z ] 三 淋 ⑷ 一 加 J (A 2.20) 
In fact, Ma is exactly the shunt frequency-invariant susceptance B' after node scaling. 
Lowpass J 
J - M T � < _ L n 
Bandpass j ~t~ 
C y B • 5 L C M B 
Fig. A.2.2. Lowpass to Bandpass transformation. 
The resonant condition is 
- 1 - + JcoC + JB: = 0 
J(oL 
… + [ ！ — � Z � 7 ^ ; ] = 0 , / , Z q = 1 
Z o 卜 0 ⑴ 」 
-> A, = A + = 0 (A.2.21) 
therefore, M" = B/. 
Having understood the meaning of coupling matrix [M], the loop equation can be 
rewritten as 
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- ' . I ] 卜 , 
J i m 丄 r p i • 經 r i l 0 
. ./o J : • 
nW \ 1 r 1 f r l1 r 1 r 1 
/o 1 . 經 / / o BW' " f J (A.2.22) 
if 
• (A.2.23a) 
• and 万妒 (A.2.23b) 
The loop equation for band pass prototype can be converted to low pass prototype as 
I M 小 [ 外 . / l - ” 7 " l / ] = k ] (A.2.24) 
Scattering parameters of a two port network can also be derived as: 
I , — — • 一 h 
Re < ai Vi T w o - P o r t � ! a � ^ 
入 b , i N e t w o r k \ bs ^ 
e s [Q^ ^ - - — • 
I 
L 
Fig. A.2.3. A two-port network. 
The relationship between the wave variables and the voltage and current are 
defined as 
1 1 2 
^ � ’ where n = 1 and 2 (A.2.25) 
or 
/ \ 
1 V I~~ 
二 WZo" j 
- I V 0" � where n = 1 and 2 (A.2.26) 
By comparing Fig. A.2.1 and Fig. A.2.3’ we can identify that 
/ , = / , ’ /2 = -/•„, F, = e, - /, R,, (A.2.27) 
therefore, 
2 1 冗 J 2 瓦 (A.2.28) 
/ \ 
1 V I—— 
7 = + V^02^2 = 0 
Hence, 
^21 = — — 
a, „ e�. 
1 "2=0 .� (A.2.29a) 
…"2=0 � (A.2.29b) 
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F r o m i h ^ Msp le^atidiij the ratio and ii/es can be solved for determining S21 
and Su ' 
:..:K，i,(” -it^' p'c�兮沾"'. .,.:’t. 
\ • ‘ , • ‘ . • 
• ；^；!；：-,；, Hm's^s!� ： J •, • •： 
••：•-,.. “ -.H'iVS i.:.... ’ �- ， . . . . 
？-..广 ..々小；\-vr-sfi .V� } � 
：；- ‘ , ^ Ii ‘’.."“ '. / • � . • • 
:： ： •-•；：•,. J . . 
• -v • •• '>•••' r : � ( r ' ^ ' r t f:….:�. . 
• . ' ' 
. . . ‘... • . • ！ t/ . • >«：-». • • 
I 
• I f - i . . -
； ; _ ： J. 
： ： ： , “： ,.： -： - ， , r ” . ： ： 
；-；• • , ‘、‘ 广 L � . . 说 
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